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FOREWORD 


I  his  work  was  conducted  lor  the  Directorate  of  Military  Construction,  Office  of 
the  Chief  of  Engineers  (OCF).  as  part  of  the  FY  1974  RDTAtE  Army  Program 
t«.47-l"A,  Project  4At>t>47|7l)H95.  “Military  Construction  Systems  Development," 
I  ask  1)4,  "Military  Airfield  Facilities."  Work  Unit  010.  "Condition  Indicators  for 
Military  Pavements."  The  OIF  Technical  Monitor  was  A.  F.  Muller. 
DAFN-MCF-I).  The  principal  investigator  was  Dr.  F.  L.  Marvin.  U.S.  Army 
Construction  Fngineering  Research  Laboratory  (C’FRL). 

The  findings  were  reported  and  documented  by  Drs.  M.  Y.  Shahin  and  M.  I. 
Darter  of  the  Facilities  Fngineering  Branch.  Facilities  Fngineering  and  Construction 
Division.  CFRL.  During  this  research,  R.  L.  Larson  was  Branch  Chief  and  E.  A.  Lot/ 
was  Division  Chief. 

Appreciation  is  expressed  to  the  Air  Force  Weapons  Laboratory  (AFWL)  for  pro¬ 
dding  information  about  its  on-going  rt  search  in  pavement  roughness  and  skid 
resistance  and  to  the  U.S.  Army  Waterways  Experiment  Station  (WES)  for  its  infor¬ 
mation  about  pavement  '..oc'.onal  performance. 

COL  M.  D.  Remus  is  Commander/ Director  of  CERL  and  Dr.  L.  R.  Shaffer  is 
Deputy  Director. 


3 


CONTENTS 


DD  FORM  1473  1 

FOREWORD  .  .  3 

LIST  OF  TABLES  AND  FIGURES .  6 

1  INTRODUCTION . 11 

Objective  11 

Background  11 

Approach  11 

2  FUNCTIONAL  CONDITION  INDICATORS  .  11 

3  ROUGHNESS  EVALUATION  AND  MEASUREMENT: 

STATE  OF  THE  ART  .  12 

Factors  Influencing  Roughness  12 

Constructor  Effects  12 

Traffic  and  E  ivironmental  Effects  12 

Characterizaii' t  of  Toughness  13 

RoL^hness  in  jex  13 

Slope  Variance  14 

Wavelength/Amp  hiude  Characteristics  16 

Acceleration  21 

Absorbed  Power  25 

Human  Evaluation  27 

Roughness  Measure-men!  Equipment  32 

Profile  Measuring  Equipment  32 

Vehicle  Axle/Body  Displacement  Measuring  Equipment  40 

Acceleration/Absoroed  Pov rer  Measurement  42 

Slope  Variance  Measurement  45 

Roughness  Summary  45 

4  SKID  RESISTANCE  EVALUATION  AND  MEASUREMENT 

STATE  OF  THE  ART  .  46 

Introduction  46 

Methods  for  Measuring  Stud  Resistance  48 

Trailer  Methods  48 

Automobile  Methods  53 

Portable  Field  and  Laboratory  Methods  54 

Texture  Identification  Methods  54 

Effect  of  Individual  Variables  on  Skid  Resistance  54 

Traffic  and  Seaso  .ai  Variations  54 

Vehicle  Factors  57 

Pavement  Factors  58 

Correlation  Between  Friction  Measurements  64 

Mu-Metei  vs  Skid  Trailer  64 

Automobile  Method  vs  Skid  Trailers  64 

Automobile  Method  vs  Niu*Meter  64 

Trailers  and  Automobiles  vs  Portable  Field  70 

and  Laboratory  Methods 

Automobile  vs  Actual  Aircraft  70 

Skid  Resistance  Summary  75 


A 


5  FUNCTIONAL  PERFORMANCE  AS  PART  OF  PAVEMENT 

LIFE-CYCLE  ANALYSIS .  76 

Introduction  76 

Pavement  Management  76 

Present  Status  of  Management  System  Being  Developed  by  CERL  77 
Preliminary  Concepts  for  Incorporating  Functional  Performance  78 
Into  Pavement  Life-Cycle  Analysis 

6  SUMMARY,  CONCLUSIONS,  AND  RECOMMENDATIONS .  83 

Summary  83 

Roughness  Indicators  83 

Skid  Resistance  Indicators  83 

Conclusions  84 

Recommendations  84 

APPENDIX:  Introduction  to  Power  Spectral  Density .  85 

REFERENCES .  90 

DISTRIBUTION 


5 


j 


Number 


TABLES 


Page 


1  Summary  of 'Major  "Roughness"  Measurement  Equipment  32 

2  Comparison  of  Road  Roughness  Devices  43 

3  Tentative  Recommendations  tor  Use  of  Roughness  Indicators  46 

4  Tentative  Recommendations  of  Roughness  Indicators  and  Equipment 

for  Determining  Maintenance  Needs  47 

5  Tentative  Recommendations  for  Skid  Measurement  of  Different 

Pavement  Types  72 

ti  Mu -Meter  Aircraft  Pavement  Rating  76 

7  Stopping  Distance  Ratio  Airfield  Pavement  Rating  76 

FIGURES 


I  Histogram  of  Initial  Roughness  Index  Values  for  177  Newly  Constructed 


Flexible  and  Rigid  Pavements  13 

2  Profilomcter  Measurement  of  Roughness  Index  (Rl)  14 

3  Roughometer  Measurement  of  Roughness  Index  (RI)  14 

4  Examples  of  Roughness  Indexes  for  Various  Pavements  Determined 

by  a  Prolilometer-typc  Device  15 

5  Schematic  of  Profilomcter  Used  to  Determine  Slope  at  AASHO  Road 

lest  16 

6  Typical  Profile  Record  of  Slope  16 

7  Power  Spectral  Density  Versus  Frequency  Illustrative  Plot  17 

8  Wavelength  Versus  Average  Vertical  Rise  (271)  18 

9  Effect  of  Wavelength  and  Mean  Power  on  Subjective  Serviceability 

Ratings  for  Highway  Pavement  (Speed  =  50  mph)  20 

10  Illustration  of  the  AFD  Technique  of  Characterizing  Profile  Amplitude/ 

Wavelength  Distribution  21 

1 1  Illustration  of  Effect  of  Digital  Filtering  of  a  Profile  22 

1 2  Simulated  and  Measured  Acceleration  Time  Histories  of  a  400,000-Ib 

B-52  During  a  40-Knot  Taxi  Over  the  U-T APAO  Runway  18  Profile  24 

13  Human  Tolerance  Vibration  Criteria  25 


6 


FIGURES  (cont’d) 


Number  Page 

14  Absorbed  Power  a  no  Vertical  Accelerations  Determined  in  the  Cockpit 

of  B-727  on  a  Runway  at  a  Major  ll.S.  Airport  2h 

15  Serviceability  Rating  form  Used  at  the  AASHO  Road  Test  27 

lti  Performance  Rating  Form  Used  by  the  Canadian  Good  Roads 

Association  27 

I7  Pilot's  Subjective  Roughness  Rating  Form  3() 

IK  Pilot's  Subjective  Roughness  Rating  Instruction  Sheet  31 

I1)  Pilot's  Rating  Data  lor  Take-off  on  Runway  31R.  l.ove  Field,  Dallas  32 

20  Surface  Dynamics  Pro**  lomeier  Measurement  System  Used  by  Texas 

Highway  Department  33 

21  Detailed  Diagram  of  SDP  Measurement  System  of  Texas  Highway 

Department  34 

22  View  of  Profdomctcr  Vehicle  and  Lasar  Setup  for  Horizontal  Control  3h 

23  View  of  Profdomctcr  Road-follow  ing  Wheel  5b 

24  Lasar  and  Lasar-leveling  Assembly  in  Lasar  Vehicle  37 

25  Lasar  System  l  acking  Vehicle  38 

2b  General  View  of  AFWL  Lasar  System  Profilometer  38 

27  Rolling  Straightedge-type  Profilometer  39 

28  Ontario's  RRI. -type  Profilometer  40 

29  Bureau  of  Public  Roads  Roughometer  41 

30  Schematic  Illustration  of  PCA  Koadometer  41 

31  Typical  Rainhart  MRM  Measurement  Record  44 

32  Kentucky  DOT  Automatic  Acceleration  Measuring  System  44 

33  Reported  l.S.  A. F.  Hydroplaning  Accidents  49 

34  ( icnerali/cd  Representation  of  Coefficient  of  Friction  Between  a  Steel 

Sphere  and  Rubber  as  a  Function  of  Sliding  Speed  4g 

35  Typical  Road  Friction  Testers  49 


7 


FIGURES  (cont’d) 

Number  Page 

5b  Friction  Factor  as  Function  of  Slip  44 

.<7  Ratio  of  Maximum  and  Locked -wheel  Friction  Factors  at  40  mph  on 

Various  Wet  Surfaces  $0 

58  Runway  Friction  Tester  with  Adjustable  Slip  50 

54  Typical  Sideway  Friction  Factor  vs  Yaw  Angle  Relationships  for  Two 

Wet  Pavements  50 

40a  Diagrammatic  Layout  of  Mu-Meter  51 

40b  Mu-Meter  Used  by  U.S.A.F.  51 

41  Sideways-Force  Coefficient  Routine  Investigation  Machine  52 

42  Braking  System  for  NASA  Diagonal-braked  Test  Vehicle  55 

45  Diagonally  Braked  Vehicle  (DBV)  Used  by  U.S.A.F.  55 

44  Keystone  MARK  IV  Skid  Resistance  Tester  55 

45  C  alifornia  Portable  Skid  fester  55 

4t)  British  Road  Research  Laboratory's  Pendulum  Friction  Tester  (British 

Portable  I  ester)  5b 

47  Components  of  Surface  Texture  as  Identified  by  Schonfcld  57 

4K  Seasonal  Change  of  Skid  Resistance  57 

44  Deterioration  of  Skid  Resistance  with  F.xposure  to  Traffic  57 

50  Loss  of  Skid  Resistance  of  Two  Pavements  as  a  Function  of  Traffic 

F.xposure  57 

51  Friction  Values  on  New  Portland  Cement  Concrete  and  in  Heavy  Oil 

Slick  on  Old  Portland  Cement  59 

52  Friction  Values  on  a  Dense-graded  Plant-mix  Asphaltic  Surface 

Constructed  w  ith  Partly  Crushed  Gravel  Aggregate  54 

55  Friction  Values  on  Asphalt  Seal-coat  Surface  with  Excess  Asphalt 

Contributing  to  Bleeding  in  Hot  Weather  54 

54  Comparison  of  Friction  Coefficient  for  Two  Types  of  Pressure  on  Wet 
Surface  and  One  Type  of  Pressure  on  Dry  Surface,  Portland  Cement 
Concrete  Runway  b0 


8 


figures  (corn’d) 


Number  P«$* 

SS  Filed  ol  Wheel  I  c.kI  mi  Skid  Resistance  o'  Wei  Portland  Cement 

Concrete  anil  Plant  Mix  Asphalt  Surfaces  <>0 

Mi  I  Ire  tread  I  Meets  on  VVet  ami  Puddled  Runways  for  Twin-landcm 

Bogie  Arrangements  t*0 

>"  l  anding  Research  Kuitwav  a:  Wallops  Station.  VA  ttl 

>8  Comparison  of  Hr., king  Friction  Coefficients  on  Wet  anti  Puddled 

Runw  ays  Obtained  iroin  990  A  Aircraft  t»2 

59  I  Meet  ol  Run. t  a\  Glome  (  onligiirjtion  on  C  141 A  Aircraft  Braking  on 

Landing  Keseareh  Kunstas  at  NASA  Wallops  Station  til 

bO  Comparison  ol  Friction-wear  Relationship:  Portland  Cement  Concrete, 

and  Asphaltic  C  oncrctc  with  Gravel  and  Limestone  Aggregates  hi 

hla  F fleet  of  I  ime  After  Surface-wetting  on  Side  Friction  Coefficient  as 

Measured  In  Mu-Metcr  b5 

nib  Filed  ol  l  ime  alter  surface-wet  tine  on  Wet  Dry  Stopping  Distance 

Rations  Measured  In  Diagonal  Braked  Vehicle  (DBV  )  hb 

hi  (  orrclatioti  Between  Mu-Meter  and  Texas  Highway  Department 

Locked -wheel  I'railet  b7 

hi  (  orrelalion  Between  Skill  Number  Obtained  f;  uni  C  ar  Stopping 

Distance  from  40  ntph  tint  Virginia  Skid  frailer  at  40  mph  t>8 

t’4  Sidewav  Friction  Measured  In  Mu  Meter  vs  Wet  Dry  Stopping 

Distance  Ratio  Measured  by  the  Diagonal- Braked  Vehicle  b9 

b5  ("orrelalion  of  California  skid  Fester  and  Pennsylvania  State  Drag  Skid 

fester  70 

hb  (  orrelalion  Between  the  We  Dry  Stopping  Distance  Ratio  Obtained 
by  the  C-I41A  Aircraft  ami  NASA  Diagonal-Braked  Vehicle  (DBV) 
with  V  ehicle  Brakes  Applied  at  b(i  mph  "M 

b~  (  orrelalion  Between  the  Wet  Dry  Stopping  Dis.ance  Ralio  Obtained 
by  C -141 A  Aircraft  ami  Ritiiwav  Condition  Reading  (RCK)  Vehicle 
with  Vehicle  Brakes  Applied  at  20  mph  7! 

t»M  Coordination  ot  Maintenance  and  Repair  Activities  in  Pavement 

Management  System  78 

h9  Coordination  ot  Corrective  Measures  tor  Pavement  Skid  Resistance 

and  Structural  Deterioration  79 


9 


FIGURES  (cont'd) 


Number  Page 

'll  oiiIid.iiioii  i*t  (••!'•  t  iivi  Mt ,i\iii os  Ini  I’.iuuuiii  KhuoIhkns 

.uni  Si i  iii  i  iii.il  I  k  1 1 1 1 1 'i  ,i i inn  ~*i 

'I. i  (  .miiliii.  nun  •  *1  Stnii  lui.il  Ikien  .i! idii  Kmioliin  ss.  .inti  Sli|)|>rrmoss 

I  >ii  ri  ii  c  I’.iieii'enl  I  ili'  iiJi  IVmcii  Mm  n.iliso  I  Ml 

'll'  I  K  sion  Mu  rn.iiiii  2  HI 

’li  lk'Mi;n  Mutii.iIiu  I  HI 

~2  I  sail  |’li  (  .ikul.il  imi  ut  Xioi.ii'o  Kiik'.il’ilili  K.u'tur  I  ARK)  lor  I  vin 

Iksioii  Miorn.ttiu’s  h2 

I'nmais  uni  Siiuinl.in  Uu.uli  IIi.h  H.iuiIkS.iiiu  Kiilcahilin  Kail  nr 
.  \KJ  i  Hm  Diltereni  Nuneiiness  Imles  I. mutiny  Values  H2 

"4  (  unsuterution  ul  I  uiii  iiuii.il  l\  rtorni.iiiii-  m  I’avomoni  I.itecule 

\iialssts  H2 

\l  Ss  lK'inaiK  Koprosonia'iiiii  ut  .i  N.iiulom  I’rmess  as  an  Ensemble 

ut  Sample  I  uneliuns  s  1 1 n  \  i  H.s 

A 2  \  Sehemaia  Diayiam  >1  ! lie  Nurmali/eil  Auiuiiinelaliiin  Kuneiiun 

tur  I  >illeri  lll  t  \  allies  H~ 

\>  I  spei  unenial  I  k  ii'iimii.tiiun  ul  I'uwei  Speetr.il  Densiti  ol  a  Sample 

I  Hill  (lull  \l\l  Hw 

\4  \  Si  Ih  ih. Hu  I  >ia ct  ‘in  ut  IV.ii  i  Speelral  Ik'itsils  is  Kreqn  ne\  H‘< 

\.'  Mean  Square  u|  a  Siiu  f  iineiion  \ i \)  in  lerinsul  Its  Amplitude  ‘Hi 


10 


PAVEMENT  FUNCTIONAL 
CONDITION  INDICATORS 


1  INTRODUCTION 
Objective 

flu-  purp«  si-  til  ihis  report  is  in  identity  the  signili- 
eant  nulie.it. ns  ol  pavement  tunetional  performance, 
to  sumntari/c  the  stale  ol  the  art  ol  measuring  and 
evaluating  these  indiealors.  and  to  develop  prelinti- 
!';'rv  concepts  lor  incorporating  tunetional  consider¬ 
ations  into  the  life-cycle  pavement  systems  program 
tl  IFF >,-i  develo|H'd  In  I  he  l  S.  Army  Construction 
I  ngmccring  Research  labor.it  try  ((  FRL). 

Background 

I  lie  lunctionul  requirements  of  pavements  include 
providing  a  com  fort  able  and  sale  ride  to  pavement 
users  throughout  the  pavement’s  initial  life  and 
between  repairs  (overlays).  (The  term  users  refers  to 
the  aircraft  flight  crew  and  passengers  for  airfields, 
and  to  automobile  drivers  and  passengers  for  high¬ 
ways.) 

I.ile -cycle  design  analysis  of  military  pavements  is 
not  totally  effective  unless  functional  performance 
and  related  economic  effects  are  considered  in  addi- 
tion  to  the  structural  integrity  analysis.  The  major 
indicators  ol  tunetional  performance  roughness 
and  skid  resistance— are  described  in  detail  herein. 
I’avemenl  maintenance  and  repair  are  also  functions 
ol  both  structural  integrity  and  functional  perform¬ 
ance  hence  both  must  be  considered  if  one  is  to  pro¬ 
vide  optimum  life-cycle  strategies. 

Approach 

Sources  ol  information  used  in  developing  this 
report  were  the  authors’  experience;  references  pro¬ 
vided  bv  the  Highway  Research  Information  Service 
(HRS)  Defense  Documentation  Center  (DDC). 
National  Aeronautics  and  Space  Administration 
(NASA).  National  Technical  Information  Service 


‘J  Willmcr.  t*  McManus,  and  K.  Marvin.  Ifsvr  Murnial  for 
I IH  I  Computer  Program,  technical  Report  S-2H  (II. S.  Army 
(  onsliucinin  Knp-. in-ring  Research  l.atvoratorv  |C  FRt.|.  1974), 

M  l..  Marvin  amt  t\  McManus.  I  //c  ( \tli-  Analysis  of  an  Air- 
lo  l,l  l‘a\y mi-in  hml try.  t  npuhlished  Kcpori  K'KKI..  l«J7.t). 


(NT  IS);  and  additional  published  information.  On¬ 
going  research  projects  of  various  agencies  were  also 
reviewed. 

2  FUNCTIONAL  CONDITION  INDICATORS 

I  he  major  purpose  of  a  pavement  is  to  provide  a 
surface  that  meets  the  functional  needs  of  its  users 
over  a  specific  time  period.  Funciional  performance 
is  defined  as  the  trend  of  the  level  of  service  provided 
lo  the  pavement  users  throughout  the  initial  life  of 
the  pavement  and  between  repairs  (overlays). 

Functional  requirements  of  users  include  such 
factors  as  speed,  comfort,  safety,  appearance,  and 
convenience.  Thus  a  functional  pavement  is  one 
that,  for  a  specified  (or  desired)  range  in  speed,  pro¬ 
vides  a  safe  and  comloriahle  ride.  The  functional 
performance  of  a  pavement  is  dearly  a  user-oriented 
consideration  in  contrast  to  the  structural,  distress- 
oriented  consideration.  Some  relationships  do  exist, 
of  course,  between  functional  and  structural 
performance.  For  example  a  creek,  which  is  a  form 
of  structural  distress,  may  form  in  a  pavement 
surface  but  may  not  affect  functional  performance 
until  it  causes  roughness  which  the  user  can  ‘‘feci”  or 
which  creates  an  unsafe  condition. 

T  he  factors  of  maintenance  and  repair  also  enter 
into  the  broad  functional  requirements,  in  thal  a 
pavement  under  maintenance  or  repair  may  be 
either  partially  or  completely  out  of  service  for  a 
lime,  and  hence  not  providing  service  to  the  user. 
User  delay  and  increased  vehicle  operating  costs  due 
to  maintenance  or  repair  operations  arc  major  prob¬ 
lems  lor  both  runways  and  high-volume  highways. 

Because  of  the  increased  performance  level  of 
operating  vehicles,  functional  condition  indicators 
are  becoming  increasingly  important  to  the  pave¬ 
ment  engineer.  Fie  must  identify  functional  condi¬ 
tion  indicators  for  two  reasons: 

1.  To  evaluate  the  functionr!  condition  of 
in-service  pavements  to  determine  existing  and 
future  maintenance  and  repair  needs. 

2.  To  accurately  compare  various  pavement 
designs  in  an  initial  analysis  of  their  life-cycle  costs. 

Functional  condition  indicators  measure  the  user 
requirements  previously  listed.  The  most  significant 
indicators  that  have  been  identified  ate: 

I.  Roughness 


II 


2.  Skid  resistance  and  hydroplaning 

.1.  Appearance 

4.  Maintenance  and  rehabilitation  expenditures* 

5.  Foreign  objects  on  surface. 

This  list  iloes  not  include  all  possible  functional 
condition  indicators.  For  instance,  rutting  in  the 
wheel  path  can  be  a  safely  ha/.uid  during  heavy  rain, 
since  it  increases  water  depth  in  the  wheel  path, 
which  may  lead  to  hydroplaning.  Another  type  of 
pavement  detci ioratiuli  that  may  tv  vi.iisidv.fcd  a 
functional  indicator  is  disintegration.  Although 
lUCltH  riMai@Umii.ffl  CJI’  cause  roughness  the 
resulting  loose  material  can  also  be  a  significant 
safety  hazard  and  a  source  of  excessive  maintenance 
to  aircraft  engines. 


Construction  Effects 

Newly  constructed  pavements  exhibit  varying 
amounts  of  roughness  even  though  they  usually  must 
meet  some  type  of  smoothness  criterion  (such  as  less 
than  y,  in.  irregularity  in  12  I'D.  Obviously  this  type 
of  specification  cannot  completely  control  the  level  of 
roughness  quality  needed  for  high-capacity  facilities. 

The  Kentucky  Department  of  Transportation  ias 
measured  roughness  of  newly  eonstrueted  pavements 
for  several  years.  The  initial  roughness  of  177 
pbajarta  it K  trifuiurn  k  Figure  I  ilUKttr&U*  the  puiui 
that  not  all  new  construction  is  adequately  smooth, 
and  that  some  projects  have  a  significant  degree  of 
built-in  roughness. 


Due  to  the  limited  nature  of  this  project,  only  the 
two  most  significant  functional  performance  indi¬ 
cators — roughness  and  skid  resistance — are  con- 
sidvrod  in  detail 

ROUGHNESS  EVALUATION 
AND  MEASUREMENT: 

STATE  OF  THE  ART 

Ro tif’hncss  is  defined  as  irregularities  in  the  pave- 
nwrd  "Wffiwc  that  HScm  ride  tjAivtfb, 

safety,  and  vehicle  maintenance  costs.  A  state-ol- 
the-art  evaluation  of  pavement  roughness  related  to 
functional  performance  is  presented.  Information  is 
provided  for  both  highway  and  airfield  evaluation. 
Included  in  the  discussion  are  factors  influencing 
roughness,  methods  of  roughness  characterization, 
and  measurement  equipment. 

Factors  Influencing  Roughness 

Pavement  surface  irregularities,  or  “roughness," 
actually  consist  of  multifrequency  random  waves 
with  many  wavelengths  and  amplitudes.  Pavement 
roughness  occurs  from  two  sources:  surface  irregu¬ 
larities  that  are  built  into  a  pavement  dining  con¬ 
struction.  and  surface  irregularities  that  develop 
after  construction  due  to  traffic  load  and  environ 
itiCiilui  effects  touch  us  swelling  sirirgi ,idt  1  uvci  the 
life  cycle  of  the  pavement. 


*ThiM.  ate  listed  ,is  tuiictinaal  condition  imlii.llit.s  in  l  .III  sc  It  If 
user's  taxes  are  used  for  maintaining  the  pavements,  and  exces¬ 
sive  mainuAiau,*  utl  tt#h*WfltuUui;  ueukriia*  iaiaiijenicfci'  ilie 
users  by  delaying  and  interrupting  traffic. 


Traffic  and  Environmental  Effects 

Since  pavement  material  properties  such  as  resili¬ 
ency  and  strength  vary  greatly  along  any  given 
project.3  4-5  overall  response  under  traffic  load — such 
as  defied  ions,  rutting,  and  subgrade  consolidation 
— also  shows  significant  random  variation.  The 
greater  the  variability  of  materials,  density,  mois¬ 
ture,  etc.,  the  greater  the  rate  of  localized  failure 
along  a  given  project — and  hence  increase-4  rough¬ 
ness  6 Rpprjiid  1  ol tv -vlt i m  incduiv  jirimrity 

relatively  short  pavement  wavelengths.  The  disinte¬ 
gration  of  a  pavement  surface  can  also  contribute  to 
short  wavelength  roughness. 

Environmental  effects  such  as  random  swelling  or 
shrinking  subgradc  and  frost  heaving,  as  well  as  con¬ 
solidation  of  the  subgrade,  also  contribute  to  pave¬ 
ment  roughness.  Environmental  factors  seem  to 
cause  primarily  the  relatively  long  pavement  wave¬ 
lengths. 


'O.U.  Shtnvtoii,  tit  Stitt  Mult  t  ml*  \  iir.ut.i/,1,.  Vpcxitil 
12b  (Highway  Research  Board.  1471). 

4M.I.  Harter  and  W.R.  Hudson,  Application  til  Probabilistic 
t  Wros-p.  i»f  fc-ci'Ni’  ftivw.su  tawa  Wi-wsfi* 

123- IN  (Texas  Highway  Department,  1473). 

SK.K.  Klier  and  VI. 1.  Darter.  Probabilistic  Applications  In 
AASHO  Interim  Guide  for  Design  oj  Rigid  Pavement  Structures, 
HRR  4bb  (Highway  Research  Board.  1473). 

lM.l.  Darter,  Probabilistic  Application  to  Rigid  Pavement 
Structures,  Paper  presented  at  ASCK  Specialn  Conference  on 

BMMMRlMr  Aj/fjUoaUant  w  f  it  %  rfetwAw  1 

1474). 
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Figure  I.  Histogram  of  initial  roughness  index  values  for  177  newly  eonstructed  flexible  and  rigid  pavements. 
(From  R.L.  Ri/.enbefgs  ct  al..  Pavements  Roughness:  Measurement  anil  Evaluation.  HRR  471  [Highway  Re- 
seareh  Board.  1973|.  pp  46-61.) 


Characterization  of  Roughness 

Several  indicators  have  been  used  to  characterize 
pavement  roughness  or  surface  irregularities.  Each 
of  these  characterization  techniques  is  now 
described. 

Roughness  Index 

The  term  roughness  index  has  been  applied  to 
both  the  sum  of  vertical  deviations  of  a  pavement 
surface  profile  over  a  specified  distance,  and  the  sum 
of  vertical  deviations  between  a  vehicle  body  and 
axle.  It  can  be  measured  in  units  of  inches  of  dis¬ 
placement  per  mile,  or  in  units  of  centimeters  per 
kilometer,  but  gives  only  a  single  statistic  for  rough¬ 
ness  characterization  of  a  given  pavement.  The  term 
has  been  used  rather  loosely  in  the  past,  and  several 
different  types  of  measuring  devices  are  commer¬ 
cially  available.  Since  these  devices  actually  measure 
different  parameters,  each  gives  a  different  rough¬ 
ness  index  for  the  same  pavement  profile.  One 
device,  the  profilometer,  measures  surface  vertical 
deviation  as  the  difference  between  the  road- 
following  wheel  and  the  profilometer  frame,  which  is 
supported  by  widely  spaced  wheels  (see  Figure  2). 


This  displacement  can  be  accumulated  to  give  a 
"roughness  index"  over  a  length  of  pavement  and  is 
influenced  somewhat  by  the  spacing  and  number  of 
the  profilometer  support  wheels.  The  speed  of  ihe 
profilometer  is  usually  no  greater  than  3-5  mph, 
causing  few.  if  any.  dynamic  vibration  effects. 

A  roughness  index  also  can  be  determined  by  a 
roughometer,  as  shown  conceptually  in  Figure  3. 
The  displacement  measured  here,  which  is  the 
difference  between  the  road-following  wheels  and  the 
vehicle  body,  can  be  accumulated  to  give  a  "rough¬ 
ness  index."  This  accumulated  displacement,  how¬ 
ever.  depends  on  factors  such  as  the  dynamic  spring/ 
damping  characteristics  and  the  speed  of  the  vehicle. 

The  sum  of  profile  deviation  can  also  be  deter¬ 
mined  if  the  pavement  surface  profile  is  known  at 
closely  spaced  intervals  (i.e..  b  in.).  This  would  give 
the  truest  "roughness  index"  since  it  would  be 
independent  of  equipment  type,  speed,  or  dynamic 
characteristics  of  the  test  vehicle.  Figure  4  shows 
examples  of  roughness  indexes  determined  with  a 
profilometer  for  an  asphalt  concrete  surface  and  a 
Portland  cement  concrete  surface.  The  roughness 
index  values  range  from  1  in. /mile  to  225  in. /mile 
for  these  pavements  and  equipment. 
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SUPPORT  WHEEL  BARE  LENGTH  OF  PROFILOMETER 


X<(F-W)t  DIFFERENCE  BETWEEN  ROAD  FOLLOWING 
WHEEL  AND  PROFILOMETER  FRAME  OVER 
LENGTH  OF  PAVEMENT 


Rl>  XX 

Figure  2.  Profilonieter  measurement  of  roughness  index  (RI). 


m  •  It w-z> 

Figure  3.  Koughometcr  measurement  of  roughness 
index  (RI). 


Slope  Variance 

Pavement  slope  is  defined  as  the  vertical  deviation 
between  two  points  on  the  surface  profile,  divided  by 
the  distance  between  the  two  points.  Therefore,  if 
the  elevations  of  consecutive  points  along  a  pave¬ 
ment  are  known,  the  slopes  of  the  lines  between 
these  points  can  be  determined  over  a  length  of  pave¬ 
ment.  Slope  variance  can  be  calculated  by  the 
following  equation: 

i=n 

SV=  X  (Xj  -  X)2/(n  -  I)  [Eq  1] 
i=l 

where  SV  =  slope  variance 

Xj  =  the  i1*1  slope  measurement 
n  =  number  of  slope  measurements 
X  =  mean  slope  measurement,  (IXj/n). 

Slope  variance  will  obviously  depend  on  the  spacing 
between  the  consecutive  points  along  the  pavement. 

The  slope  variance  technique  was  developed  at  the 
AASHO  Road  Test  (1958- 1%0),  and  equipment  is 
available  to  measure  this  indicator.  A  schematic  of 
the  profilonieter  developed  at  the  AASHO  Road  Test 
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SAMPLES  OF  PROFILOGRAMS 
SHOWING  GOOD  AND  BAD  PAVEMENTS 


BITUMINOUS  PAVEMENT 
PLANT  MIXED 


6000 


R I  *  1 

SEC  58  W 


ROADMIXED 


GOOD 


BAD 


i  Rl  *217 
SEC  8  S 


PORTLAND  CEMENT  CONCRETE 
GOOD  BAD 


i 


Rl«50  Rl  *  130 

SEC  22  S  SEC  15  S 


SCALE  !  VERTICAL  f=  f"  ;  HORIZONTAL  l"  «  25' 


Figure  4.  Fxamplcs  of  roughness  indexes  for  various  pavements  determined  by  a  profiloiuetertvpe  device. 
I  From  W.J.  Fiddle  ct  al..  I:'vulinitit>n  a/Pavcrm’iii  Srn’iccahility  on  Utah  Highways.  Interim  Report  (Utah 
Highway  Department, 
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is  shown  in  Figure  5.  This  instrument  continuously 
records  the  angle  (denoted  hy  A)  formed  by  the  line 
of  the  support  wheels  (ti  and  H)  and  the  line  (CD) 
(hat  connects  the  centers  of  two  w  heels  (I  !)  spaced  at 
M  ill.7  The  slope  variance  must  he  calculated  Iron, 
these  data.  (A  typical  slope  record  is  shown  in 
Figure  h.)  Other  equipment  that  gives  a  direct  toad- 
out  of  slope  variance  is  described  later. 


DIRECTION  OF  TRAVEL  - > 


Figure  5.  Schematic  of  prolilometer  used  «>  deter¬ 
mine  slope  at  AASHO  Road  Test.  (From  77/e 
AASHO  Road  Test:  Report  5 — Pavement  Research. 
Special  Report  hl-H  | Highway  Research  Board. 
I%2|.) 


SLOPE  RECORD 


DISTANCE  TECORD 

v-». 

"'■**  ^  ONE  FOOT  ON  PAVEMENT 
TRANSITION  TEST  SECTION  _ 


FOR  -ROUGH  PAVEMENT 


TmrrmrirmTrtrmrrmrmrm^ 


FOR  SMOOTH  PAVEMENT 

Figure  6.  Typical  profile  record  »l  slope.  (From  77/e 
■\ASHO  Road  Test  Report  5—  Pavement  Research. 
Special  Report  <»I-F  |Highwav  Research  Board. 
I%2|.) 

’the  AASIIO  Road  lest  Return  v  Pavement  Research. 
Special  Report  (it  I  (Hij;h»av  Research  Board.  1%?). 


As  with  the  roughness  index  method,  only  a  single 
statistic,  i.e  ,  slope  variance,  can  be  obtained  to 
characterize  an  entire  section  of  pavement.  The 
slope  variance  statistic  does  not  include  long  wave¬ 
lengths. 

Wavelength  Amplitude  Characteristics 

The  analvsis  of  actual  profile  wavelength  ampli¬ 
tude  characteristics  of  pavements  as  an  indieatoi  of 
roughness  began  in  the  early  1%0's  and  is  currently 
being  studied  by  several  agencies.  The  development 
and  use  of  the  wavelengtli/amplitude  indicator  was 
initially  slow  because  of  the  difficulty  of  obtaining 
aecurpii*  profiles  (inadequate  equipment!,  and  the 
complexity  of  quantitative  analysis  of  the  profile. 
Hmfc  rHfltnWfte*.  have  ww  fcmi  largely  vwrevme 
with  the  development  of  better  equipment  and 
computer  capability. 

At  least  three  techniques  have  been  developed  for 
analyzing  profile  data.  One  technique,  power  spec¬ 
tral  analysis,  has  been  used  by  several  investigators 
to  characterize  pavement  profile  wavelengths  and 
amplitudes.  The  power  spectral  density  (PSD)  fune- 
lion  of  a  profile  can  be  calculated  from  either  analog 
ordigital  data  processing.  Figure  7  is  a  PSD  plot  for 
(wo  runway  pavements,  show  ing  log  of  power  versus 
log  of  frequency.  I  (reciprocal  of  wavelength).  The 
PSD  (or  Plf))  ordinate  can  he  thought  of  as  the 
mean-square  amplitude  that  occurs  at  a  particular 
frequency  or  wavelength.  Brickman  and  others 
found  that  the  relationship  between  log  P(f»  and  log 
frequency  (I)  is  approximately  linear  for  highway 
and  airport  pavements.  Therefore,  if  P(f)  represents 
the  PSD  of  a  particular  frequency  f  (or  wavelength. 
L  =  I  I),  ihe  average  amplitude.  A.  for  this  fre¬ 
quency  can  be  calculated  as  follows: 

A  =  2  y/ fort  ST  |F.q  2 1 

Therefore,  the  ordinate  of  the  PSD  represents  fie 
mean-square  height  of  the  pavement  roughness  (oi 
amplitude)  corresponding  to  specific  wavelength  . 
Figure  K  is  a  plot  of  average  vertical  rise.  2A.  vs 


‘AD.  Brick  nun.  I.C.  Wamhold.  and  )  R  Zimmerman.  An 
Amplitude  frequencs  Descnptiun  <i/  Road  Roughness.  Special 
Report  I  lb  (Highwav  Research  Board.  1  st-4). 

’I  t  .  C  oleman  and  A.W.  Hall  Implications  of  Recent  Imeste 
gallons  on  Runway  Roughness  Criteria,  t’aper  presented  to 
A(iARl),  NATO,  Paris 
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Figure  7.  Power  spectral  density  versus  frequency  illustrative  plot.  For  two  runways.  (From  T.L.  Coleman  and 
A.  W.  Hall.  Implications  oj  Recent  Investigations  on  Runway  Roughness  Criteria,  Paper  presented  to  AGARD, 
NATO.  Paris  |1%3|.) 


AVERAGE  VERTICAL  RISE  (2  A),  INCHES 


Figure  8.  Wavelength  versus  average  vertical  rise  (2A). 
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wavelength  I  f,  obtained  l\v  applying  Fqnation  2.  to 
data  published  in  Walker  and  Hudson  10  This  figure 
illustrates  that  a  mean  amplitude  ean  he  ealeulaled 
tor  speeitied  wavelengths  and  that  the  longer  the 
wavek  tgth.  he  larger  the  mean  ampin  tide  tor  this 
profile.  A  complete  mathematical  derivation  « !  the 
PSD  technique  and  Kquation  2  is  given  in  the 
appendix 

Figure  9  illustrates  the  effect  of  wavelength  and 
amplitude  on  driver  subjective  response.  This  plot 
shows  mean  PSD  versus  wavelength  lor  several  pave¬ 
ments  with  serviceabilities  ranging  Irom  high  to  low. 
subjectively  rated  bv  a  panel.  As  pavement  wave¬ 
length  increases  liom  0  tu90  It.  the  mean  power  (or 
mean  amplitude)  also  increases  for  any  given  present 
serviceability  rating  (PSR).  I  he  PSK  '  allies  shown 
here  were  determined  at  a  speed  of  SO  mph.  Also,  for 
a  given  wavelength,  as  the  mean  power  increases,  the 
subjective  serviceability  rating  of  the  panel 
decreases.  These  data  clearly  show  that  pavement 
wavelengths  and  amplitudes  are  related  to  the  sub¬ 
jective  roughness  that  a  highwav  driver  or  passenger 
experiences. 

I  he  PSD  technique  provides  a  spectrum  of  statis¬ 
tics  for  a  given  pavement  profile.  I  sc  of  this  spec¬ 
trum  of  information  was  found  by  Walker  and 
Hudson11  to  prov  ide  a  better  indicator  of  pavement 
serviceability  as  judged  by  the  highway  user  than  a 
single  statistic  such  as  slope  variance  or  roughness 
index.  However,  it  is  somewhat  difficult  to  grasp  the 
concept  of  power  ami  to  determine  ui’ieal  limits  of 
PSD.  fhe  PSD  approach  to  characterizing  rough¬ 
ness  has  definite  shortcomings,  as  Briekman  et  al. 
states: 

In  tit'li' mulling  I’SI ).  Mr  example.  an  .it .  i  aging  It  t  t.nupic 
is  tiscil  In  establish  l hi-  | m itt t'i  lod  within  it  livipiemx 
band.  It  the  amplitudes  ft  these  lui|iieiio  cniimnenls  are 
rel.iiiteh  constant  through  lime,  the  I’SI)  is  ,.  reasonable 
Irulliliil  mensureut  the  r.inilt'in  signal  Hill  it.  ir  tiel.  a 
lew  tert  high  amplitude  hursts  are  .iieonipaniitl  bv  many 
luw  level  ones.  I’SI)  obscures  I  he  I  rue  silual  u  m 


1JR  S  VN  .ilker  a  ml  VA.R,  Ijiiilsi'ii,  //re  l  M  ot  .V/iet  trul  h.stt- 
III, tics  inr  I'm  emeni  Chnra,  tenzalion.  Res.  art'll  Report  lio-2 
i*  t'lilei  Mr  Highway  Kest'.ii t  li .  I  nnertiit  t>l  levas  al  Austin, 
prii 

UR  S  Walker  ami  VV.R  Hudson.  l hr  C,e  ol  Spectral  Esti¬ 
mates  tor  f'aeiiticiil  (  'Imruclerizution 
UA.I).  Briekman  et  al..  A naiwi \  u/  Pavement  Profile  (Pennsyl¬ 
vania  Department  n  transportation,  inti'll.  p  |S 


fhe  PSD  curve  indicates  an  a  era  go  roughness 
amplitude  at  a  particular  frequenev  or  wavelength. 
Therefore.  a  knowledge  of  the  PSD  curve  alone  is  not 
enough  to  determine  whether  the  mean  amplitude  of 
power  is  the  result  of  a  few  large  irregularities  or 
many  small  irregularities.  I  imiting  values  for  PSD 
functions  were  suggested  by  Coleman.13  The  lower 
dashed  line  of  Figure  7  indicates  a  roughness  level 
which  he  recommends  should  not  be  exceeded  by, 
new  construction,  and  the  upper  dashed  line  repre¬ 
sents  a  level  at  which  runway  roughness  has  become 
excessive. 

Hutchinson  also  concludes  as  follows: 

I  he  apparent  inability  nt  the  power  spectra  to  iliseern 
between  the  relative  levels  of  roughness  of  airport  runways 
is  not  too  surprising  since  the  power  spectral  density  func¬ 
tion  represents  a  general  impression  ol  the  roughness 
associated  with  the  various  wavelengths  over  the  length  of 
the  runway,  t  hus,  it  cannot  distinguish  between  roughness 
due  to  a  few  high  amplitude  distortions,  am!  t twit  due  to 
many  low  amplitude  distortions  of  the  same  wavelength  14 

In  light  of  these  limitations,  other  characterization 
techniques  have  been  proposed.  Briekman  et  al.151t 
proposed  a  method  for  examining  both  amplitude 
and  wavelength  distribution.  The  amplitude- 
frequency  distribution,  or  AFD.  is  a  technique  that 
displays  road  roughness  as  a  tabular  array  showing 
oth  height  and  wavelength  of  surface  irregularities 
(see  Figure  10).  Specific  features  of  the  method  are 
as  follows: 

I  I  he  AH)  tabulation  is  .i  method  ot  rvpicscnting  the 
roughness  profile  of  a  road  surface  m  a  quantitative  way:  It 
not  only  shows  what  each  wavelength  contributes  to  the 
overall  roughness  but  also  gives  the  distribution  of  rough¬ 
ness  heights  associated  with  each  amplitude. 

7.  The  AFI)  of  a  roughness  signal  can  be  computed  elec¬ 
tronically  hy  using  standard  analog  components  for  filter¬ 
ing.  comparing,  and  counting.  The  precision  ot  the  com¬ 
puted  AH)  is  greatly  affected  hy  the  shape  factor  of  (he 
filter 


11 1  .L.  Coleman  and  A.W,  Hall.  Implication.,  «/  Recent  /m-c.v/i- 
Hattons  on  Runway  Roughness  Criteria.  Paper  presented  nt 
A(IAKI).  NATO.  Pans  (!%.(). 

MB.(i.  Hutchinson,  Analysis  o'  Routl  Roughness  Reeonh  by 
Rower  Spcctrul  Density  technique,.  Final  Report  No  11)1 
(IX-partment  ol  Highways,  Ontario.  Canada.  I%5(,  p  2(h) 
"AT).  Brick  man  et  al..  Analysis  ot  Pavement  1‘n-iile 
"AD.  Briekman.  J.C  V/amboUI.  and  JR.  Zimmerman.  An 
Amplitude-Frequency  Description  oj  Road  Roughness.  Special 
Report  I  Itt  (Highway  Research  Board,  1974). 
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MEAN  POWER  (  IN.  *  *  2/CYCLE/FT) 


! 


Figure  9.  KtTcct  oi 'wavelength  and  mean  power  on  subjective  serviceability  ratings  for  highway  pavement  (speed 
50mph).  (From  H.W.  Walker  and  W.R,  Hudson,  The  Use  of  Spectral  Estimates  for  Pavement  Characteri¬ 
zation.  Research  Report  156-2  (Center  for  Highway  Research,  University  of  Texas  at  Austin.  1 973 j . ) 
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Figure  10.  illustration  of  th  ■  AH)  technique  of  char¬ 
acterizing  profile  amplitude  wavelength  distribu¬ 
tion.  (Front  A.D.  Brickntan  et  al..  Analysis  til  Pave¬ 
ment  Profile  |  Pennsylvania  Department  of  Trans¬ 
portation,  1%9|.) 

0.  I  he  count  values  appearing  hi  the  AH)  tabulation 
relate  theorelieally  to  the  PSD  ol  the  roatl  profile,  anti  dis- 
erete  values  ol  roughness  PSD  ean  Ik  computed  Irom  the 
All)  eon  tits. 

4.  By  reducing  the  roughness  profile  ol  ,i  road  lo  a  table  ol 
heights  and  wavelengths,  the  AH)  table  describes  (he 
equivalent  physical  appearance  ol  a  road  surtaee  in  a  more 
understandable  wav  than  PSD.” 


‘'A.D  Brickman.  J.C.  Wambokl.  and  J.R.  Zimmerman.  An 
Amplitude-prequeney  Description  nf  Ruud  Roughness.  Special 
Report  lib  (Highway  Research  Board.  Id'M),  p  fib 


A  method  that  has  been  proposed  for  increasing 
the  usefulness  of  the  power  spectral  density  analysis 
is  the  use  of  digital  filtering  of  the  road  profile  data. 
Walker  and  Hudson  eonclude: 

I  illeiing  levluiiqiies  oiler  .uiolhet  aualvsis  tool  in  which 
•  he  amplitudes  ol  selected  wavelength  bands  ean  he 
observed  as  a  lime  I  ion  ol  distance,  thus  permitting  more 
localized  examinations  of  the  true  average  amplitude 
variations. 11 

Filtering  techniques  provide  a  plot  of  filtered  profile 
amplitude  versus  distance.  A  plot  of  filtered  and 
nonliltered  profiles  is  shown  in  Figure  II. 

A  federation 

Acceleration  has  been  used  as  an  indicator  of 
pavement  roughness  for  both  highways  and  airfields. 
The  oceupants  of  aircraft  ana  automobiles  as  w  ell  as 
the  vehicle  itself  arc  subjected  to  various  accelera¬ 
tions  (vertical,  fore  and  aft.  and  side  to  side)  as  the 
vehicle  traverses  a  pavement.  Higher  accelerations 
result  in  greater  passenger  discomfort,  although 
other  factors  such  as  frequency  and  exposure  time 
also  contribute  to  human  discomfort.1*  Accelera¬ 
tions  in  the  body  of  an  automobile  or  aircraft  can 
also  cause  structural  and  vehicle  instrumentation 
damage  (to  electronic  instruments,  for  example). 

Vertical  acceleration  on  highway  pavements  has 
been  measured  by  the  Kentucky  Department  of 
Transportation  since  the  1950's.  Several  approaches 
to  the  analysis  of  the  acceleration  measurements 
were  attempted10,21,22  by  mounting  accelerometers 
on  different  locations  such  as  the  vehicle's  seal  or  the 
passenger's  chest.  At  present,  instrumentation  has 
been  developed  to  automatically  sum  the  vertical 


“R  S.  Walker  and  W  K  Hudson,  the  Ise  til  Spectral  I'sti 
mules  Inr  I’ueement  Characterization.  Research  Report  I5b0 
((enter  lor  Highway  Research.  I  Diversity  ol  I  ecus,  I'f.t),  p  04 
"(  M  Harris  ami  C.F  ( 'retie,  shock  and  Vibration  Hand 
book .  0  Yols  (McGraw-Hill  Hook  (  nmpanv.  Inc..  lUtili 
,0R  I..  Ri/enbergs.  Ac\  tic  runic  ter  Method  Ol  Riding—  Quality 
Testing.  Interim  Report  KYHI’R-M-25  (Kentucky  Department  ol 
Highways.  I%5). 

,1R.L.  Rizenbergs  et  al.,  I’avement  Roughness  Measurement 
and  k'eulualion.  HKR  4'’)  (Highway  Research  Board,  I 'Of 
pp  4h-b|. 

J,L.H.  Gregg  and  W.S  boy,  Tnaxid  Acceleration  Analues 
Applied  to  the  Tvaluation  o/  Pavement  Riding  Qualities.  HHB 
Proceedings.  Y'ol  .04  (Highway  Research  Board.  14551, 
pp  210-220. 
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Figure  II.  Illustration  of  elleet  ol  digital  filtering  of  a  profile.  (From  R.S.  Walker  and  W.R.  Hudson.  The  Use 
<>t  Spectral  Ustimaies  far  Pavement  Characterization.  Researeh  Report  156-2  (Center  for  Highway  Researeh. 
I'niversity  of  Texas  at  Austin.  1*J73|.) 
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accelerations  measured  over  a  pavement  section. 
With  a  typical  full-sized  passenger  automobile 
traveling  at  51.5  mph  as  the  test  vehicle,  the  sum  of 
vertical  accelerations  and  time  elapsed  during  the 
test  are  used  to  compute  an  index  of  roughness. 
F.xaniplcs  of  typical  oscillographic  acceleration  out¬ 
puts  for  relatively  smooth  anil  rough  pavements  are 
given  by  Rizcnbergs.21  'I  o  date.  Kentucky  has 
obtained  acceleration  measurements  on  over  200 
pavements,  which  are  being  periodically  retested. 
These  measurements  are  used  to  evaluate  quality  of 
construction,  to  quantify  rates  of  deterioration,  and 
to  identify  causes  of  distress.24  Kentucky  has  set 
limits  on  the  various  levels  of  roughness  index  deter¬ 
mined  from  the  acceleration  measurements  for 
acceptable  and  nonacccptable  pavements,  as  shown 
in  Figure  1. 

Progress  in  measuring  and  predicting  vertical 
accelerations  in  aircraft  traveling  on  runways  and 
taxiwavs  has  been  significant.  Various  aircraft 
instrumented  with  accelerometers  have  taxied  over 
runways  while  *he  vertical  acceleration  was 
measured  at  points  on  the  aircraft  frame  such  as  the 
cockpit,  center  of  gravity,  and  tail.25-21  Vertical 
accelerations  up  to  ±  Ig  in  the  cockpit  were  found  on 
some  runways.  Also,  computer  programs  have  been 
developed  to  model  the  aircraft  runway  interaction; 
this  can  be  used  to  estimate  the  vertical  acceleration 
at  various  points  in  the  aircraft.  One  program, 
developed  by  the  Boeing  Company  in  1%~  for  a  B-52 
aircraft,  predicted  measured  acceleration  fairly  well, 
but  required  hours  of  c<nfHlter  time  as  well  as  large 
amounts  of  detailed  aircraft  data.27  Another  pro¬ 
gram.  developed  by  the  Lock  heed -Georgia  Company 
mi  ftw  swmlliPwvg  die  C  14 1  rnn. g  »  pave¬ 
ment.  required  less  than  one  hour  of  computer  time 
and  less  aircraft  data.2' 


,,R.|..  Ri/cntnrjjv  Accelerometer  Method  <<'  Ruling  -Quality 
lesinig,  Interim  I'epnrt  KYHPR-M  25  (Kennakv  Department  ot 
Highways,  I4h5). 

,4R.I  Ri/cnbergs  el  al..  Pavement  Roughness  Measuri mem 
and  t.\ aluatinn.  HRR  4”l  Highwat  Kcseaieli  doanl, 
pp  4h-h I . 

»W.  Horn  Private  Communn  anon  tV»aier»ais  t.xpei  indent 
Station  |WES|.  m’4t. 

,4(j.B.  Hutton.  I  ’neven  Runway*  Encountered  h\  Subsume  Jet 
transport  Aircratt  I  hinny  Scheduled  Airline  Opt  rations  tech¬ 
nical  Report  ~2tN5  (Royal  Aircraft  Establishment.  I472). 

,’t)  A  Ouatle.  Locution  «/  Rough  Arms  ol  Runways  lor  a  H  S2 
Alnralt  AEEOL-TK-h"- P5  (The  Hoeing  Company.  I%8). 

"C.K.  Buttenvorth  and  D  E.  Boo/er.  C  ILIA  Computer  Code 
lor  Runway  Roughness  Studies.  AEWI.- K  70-7|  (AEWL.  14701 


A  generalized  aircraft  runway  model  capable  of 
simulating  any  aircraft  traversing  a  runway  pave¬ 
ment  was  recently  developed  by  Ccrardi  and 
Lohwasser  oft'ir  Air  Force  F  tghl  Dynamics  Labora¬ 
tory.  The  mathematical  model.  called  the  TAXI 
code,  requires  less  than  two  minutes  on  a  CIX  hbOO 
computer  to  simulate  a  typical  aircraft  taxi  or  take¬ 
off  operation.2*  I  he  program  requires  several  easily 
obtainable  aircraft  parameters  as  input.  A  compnri 
son  of  measured  and  calculated  vertical  acceleration 
for  three  aircraft  shows  differences  ol  about  50  |xm 
cent.50  However.  Sonnettburg  (Cl  HI .  I  niversity  of 
New  Mexico),  in  his  work  ior  the  Air  Force  Weapons 
Laboratory  iAFWL).  concludes  that  it  is  possible  to 
tune  the  code  for  specific  types  of  aircraft  to  obtain 
better  agreement. 51 

An  example  of  measured  anil  computed  accelera¬ 
tions  is  shown  in  Figure  12.  The  acceleration  versus 
distance  plot  along  a  runway  to*-  highway)  can  be 
very  useful  in  locating  areas  causing  excessive  accel¬ 
erations.  which  can  then  he  smoothed  out.  Use  of  the 
acceleration  method  can  thus  he  very  useful  in 
extending  the  functional  life  of  a  pavement  before  a 
major  rehabilitation  is  required.  Significant  research 
in  this  area  is  being  conducted  bv  Sonnettburg  under 
contract  with  AFWI..52 

A  limiting  acceleration  ol  been  suggested 

by  Harris  and  Credc.51  The  curve  in  Figure  13  shows 
human  tolerance  vibration  critc:  ia  as  determined  by 
Harris  and  Credc  as  a  function  of  frequency  and 
acceleration.  Since  the  great  majority  of  aircraft 
vibrations  are  less  than  about  12  cps.  a  single  limit¬ 
ing  value  of  0.4g  appears  reasonable.  Measured 
accelerations  *jh5  (naqURIL-if.  in  I  fin  ul  lhu 

aircraft  oil  two  Air  Force  bases  >.c  ;  iso  shown  on  the 
plot.  Gerardi  and  Lohwasser  report  that  in  both 
these  cases  the  pilots  reported  excessive  crew 
member  discomfort.54 


(jgrardi  amt  A.K  i  o)t»axsi-r.  \  Digital  (  onipuiei 
Program  lor  Airerali  Kiinuav  Roughness  SiihIks."  I  he  Slunk 
and  Vi hrattun  llullcttn.  No.  4  :  ip.irt  iN.n.il  Ke.eaieli  I  .il'ora 
ton,  I4".V| 

"C.K.  Htittcrworlli  and  I)  t  Hoo/t-i 

"P.N.  Sonnriihurg.  Determination  it  Runway  Roughness 
Criteria.  Interim  Report  to  AEWI  ild'4) 

UP.N.  Snniienl'iirg,  Determinatin'!  ol  Runwai  Roughness 
(  rilena 

”(.M  Harris  and  C  |-.  C  fftlr.  Mmn  A  anil  Vtbntitntt  IL:ntl 
hunk.  }  Vols  iMc(jruw  Hill  Btx»k  (.nnijMin.  Itu.  . 

MA  Ci.  (icrardi  and  A.K.  I.nhwawr.  “A  Digii.il  Computet 
Program  lor  Aircraft  Kun*uv  Unughiicss  Snuiac%  ’* 
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Figure  12.  Simulated  and  measured  acceleration  time  histories  ol'a  400.000-lb  B-52  during  a  40-knot  taxi  oxer 
the  I'-TAPAO  runway  IS  profile. 


I  illl  inti  i  <  liiAlil - 1  I  I  Ullil 
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Fitturr  13.  Human  tolerance  vibration  criteria. 
(Adapted  from  A.  G.  Gerard i  and  A.  K.  Lohwasser. 
Computer  Program  for  the  Prediction  of  Aircraft 
Res/mnse  to  Runwa\  Roughness.  A  FWL-TR-73- 109, 
Vol  I  IAKWL  l*)73|.) 

A  hsorhed  Power 

Hxtensive  studies  into  human  vibrational  toler¬ 
ance  levels  by  the  Mobility  Systems  Laboratory.  U.S. 
Army  Tank  Automotive  Command  (ATC)  led  to 
development  of  the  absorbed  power  concept.  ATC 
concluded  that  time-averaged  values  of  absorbed 
power  correlated  well  with  human  subjective  comfort 
and  were  the  most  descriptive  parameter  to  predict 
the  loss  of  mental  and  physical  ability  of  an  individ¬ 
ual  to  control  a  vehicle.15  Lins  concludes  the  follow¬ 
ing: 

Attempts  to  characterize  vibration  severity  objectively 
usually  involve  measurements  of  the  accelerations  to  which 


**W  h  l.ins.  Human  Vibration  Response  Measurement.  Tech¬ 
nical  Report  No.  1 1551  (U.S.  Army  Tank — Automotive  Com¬ 
mand.  197.7). 


a  subject  is  exposed.  Such  measurements  cannot  be  simply 
correlated  with  subjetoe  response  criteria,  however, 
because  perceived  >  ibralion  severity  is  a  complicated  lit  v 
lion  of  both  frequence  and  amplitude  of  vibration. •* 

A  review  of  literature  shows  that  subjective  human 
tolerance  level  is  a  function  of  several  factors  such  as 
acceleration,  time  of  exposure,  frequency,  and 
environment. 57  •1,,5,,4°  The  effect  of  both  frequency 
and  acceleration  on  human  vibrational  tolerance  is 
shown  in  Figure  13. 

Absorbed  power  represents  the  rate  of  flow  of 
energy  into  a  vibrating  body.  It  is  defined  as  the  time 
average  of  the  product  of  force  and  velocity  to  which 
a  body  is  subjected.  It  can  be  calculated  in  the  time 
domain  from  the  following  expression:41 

P  =  lin.^  o/TF(t)V(t)dt  [Eq  3] 

T  -*  eo 

w  here:  P  =  average  absorbed  power 
F(t)  =  force  on  subject 
V  (t)  =  velocity  of  subject 
T  =  averaging  time  interval. 

Since  instrumentation  limitations  make  it  imprac¬ 
tical  to  measure  this  force  except  in  the  laboratory,  a 
transfer  function  which  relates  force  to  acceleration 
is  used.  The  acceleration  of  a  subject  can  easily  be 
measured  as  a  function  of  time,  and  absorbed  power 
can  then  be  calculated. 4*.4}.44 

An  important  characteristic  of  absorbed  power  is 
that  it  has  physical  significance  and  therefore  can  be 
measured  as  well  as  computed  analytically.  (Meas¬ 
urement  equipment  is  described  later  in  this  report.) 
An  example  of  absorbed  power  measurement  is 


"W.F.  Lins,  p4 

,7C.M.  Harris  and  C.E.  Crede.  Shock  and  Vibration  Hand¬ 
book.  3  Vols  (McGraw-Hill  Book  Company,  Inc..  1961). 

»W.F.  Lins 

HC.K.  Butterworth  and  D.E.  Boozer.  C-I41A  Computer  Code 
for  Runway  Roughness  Studies.  AFWL-TR-70-71  (AFWL.  1970). 

"R.A.  Lee  and  F.  Pradko,  "Analytical  Analysis  of  Human 
Vibration."  SAE  Transactions.  Vol  77,  Paper  680091  ( 1 968). 
*'W.F.  Lins 
"W.F.  Lins 

4)C.K.  Butterworth  and  D.E.  Boozer 
*4R.A.  Lee  and  F.  Pradko 
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Figure  14.  Absorbed  power  and  vertical  accelerations  determined  in  the  cockpit  of  B-727  on  a  runway  at  a 
major  U.S.  airport.  (From  W.  Horn.  Private  Communication  [Waterways  Experiment  Station,  I974J.) 


shown  in  Figure  14.  Both  absorbed  power  and  verti¬ 
cal  acceleration  in  the  cockpit  of  a  B-727  aircraft  arc 
shown  as  a  function  of  time  for  a  runway  at  a  major 
civil  airport  in  the  United  States.  Vertical  accelera¬ 
tions  are  shown  to  exceed  the  0.  4g  level  at  several 
locations  and  even  to  exceed  lg  at  three  locations. 
Absorbed  power  also  shows  very  large  magnitudes 
and  at  one  location  exceeds  20  watts.  For  off-road 
vehicles,  the  ATC  determined  a  human  failure  level 
(when  the  driver  io.t  control  of  the  vehicle)  of  6  watts 
of  absorbed  power  regardless  of  the  associated  accel¬ 
erations  or  frequencies;45  it  can  be  seen  that  this  level 
is  exceeded  at  several  locations  along  this  particular 
runway.  Lee  and  Pradko  suggest  that  the  physical 
surroundings  in  which  the  vibration  occurs  have  a 
strong  influence  on  the  acceptable  absorbed  power 
level: 

For  example,  an  upper  acceptable  absorbed  power  Cor 

automobile  ride  may  be  0.2-0. 3  watts.  Ifone  were  to  ride  in 


<'W  C.  Lins,  Human  Vibration  Response  Measurement.  Tcch- 
nical  Report  No,  1I5SI  (U.S.  Army  Tank— Automotive  Com¬ 
mand.  1072). 


an  automobile  above  this  level,  the  opinion  would  very 
likely  be  that  the  ride  is  rough,  and  the  vehicle  uncomfort¬ 
able.  On  the  other  hand,  the  upper  acceptable  limit  for 
off-road  vehicles  may  be  b-10  watts  .  . 

Hence,  the  measurement  of  absorbed  power  for  each 
application  allows  a  comparison  on  an  absolute 
scale. 

Another  important  advantage  of  absorbed  power 
is  that  it  is  a  scaler  quantity;  therefore,  the  power 
determined  in  various  directions  such  as  fore-aft. 
vertical,  and  side-to-side.  can  be  added  together  to 
give  total  absorbed  power  into  a  human. 

The  concept  of  absorbed  power  as  an  indicator  of 
runway  roughness  is  presently  being  investigated  at 
the  E.  H.  Wang  Civil  Engineering  Research  Facility 
at  the  University  of  New  Mexico,  under  contract  with 
the  Air  Force  Weapons  Laboratory  (AFWL).47  A 


**R.A.  Lee  and  F.  Pradko.  "Analytical  Analysis  of  Human 
Vibration,"  SAE  Transaction ,<  Vol  77.  Paper  680091  (1968). 

47P.N.  Sonneburg,  Determination  ot  Punway  Roughness  Cri¬ 
teria,  Interim  Report  to  AI-'Wl  (|9’4). 
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YES 
NO 

UNDECIDED 

SECTION  IDENTIFICATION 

RATER _ DATE _ TIME _ VEHICLE _ 

Figure  15.  Serviceability  rating  form  used  at  the 
A  AS  HO  Road  lest. 

computer  program  lor  calculating  absorbed  power 
as  a  function  of  time  has  also  been  written  at  the 
Waterways  Experiment  Station  (WES).  The  plan  is 
to  use  the  TAXI  code  (pieviouslv  described)  along 
with  a  given  pavement  profile  to  estimate  aircraft 
acceleration,  and  then  calculate  absorbed  power 
experienced  by  aircraft  passengers. 

Although  considerable  work  remains  in  develop¬ 
ment  of  the  absorbed  power  method,  it  appears  to  be 
a  very  promising  technique. 

Human  Evaluation 

A  pavement’s  "ride  quality"  can  be  evaluated  sub¬ 
jectively  by  the  users — the  automobile  and  aircraft 
occupants.  The  human  response  approach  basically 
involves  pavement  users  riding  over  a  pavement  in  a 
vehicle  at  a  specified  speed  and  rating  the  ride 
quality  according  to  their  opinion  of  the  vibrating 
environment.  This  subjective  response,  or  psycho¬ 
logical  impression,  can  be  rated  according  to  a  scale 
such  as  “very  poor."  "poor,”  “fair,"  "good,"  or 
“very  good."  The  mean  subjective  rating  given  to  the 
pavement  by  all  users  is  termed  the  present  service¬ 
ability  rating  (PSR). 

The  pavement  serviceability  concept  was  devel¬ 
oped  for  highway  pavements  at  the  AASHO  Road 
Test  and  first  reported  by  Carey  and  Irick.^*  A 
similar  concept  was  developed  concurrently  by  the 
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Figure  16.  Performance  rating  form  used  by  the 
Canadian  Good  Roads  Association. 

Canadian  Good  Roads  Association  (CGRA).*9iS0,,I*u 
The  rating  form  used  by  an  individual  rater  at  the 
AASHO  Road  Test  is  shown  in  Figure  35;  the  rating 
form  developed  by  CGRA  is  shown  in  Figure  16.  At 
the  Road  Test,  the  individual  raters  were  allowed  not 
only  to  ride  over  the  pavement,  but  also  to  walk  the 


'’Canadian  Good  Roads  Association,  "Manual  nn  Pavement 
Investigations."  Technical  Publication  No.  I  i  (CGRA.  IV5u). 

’•Canadian  Good  Roads  Association.  Pavement  Design  and 
Evaluation  Committee,  "Pavement  [{valuation  Studies  in 
Canada,"  Proceedings.  International  Conference  on  Structural 
Design  of  Asphalt  Pavements  (University  of  Michigan,  1%2). 

“Canadian  Good  Roads  Association,  Pavement  Design  and 
Evaluation  Committee.  A  Guide  to  the  Structural  Design  oj  Flexi¬ 
ble  and  Rigid  Pavements  in  Canada  (CGRA,  1%5). 

“Canadian  Good  Roads  Association.  Pavement  Design  and 
Evaluation  Committee.  "Field  Performance  Studies  of  Flexible 
Pavements  in  Canada."  Proceedings.  Second  International  Con¬ 
ference  nn  Structural  Design  of  Asphalt  Pavements  (University  of 
Michigan.  I%7). 
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length  of  (he  pavement  anil  visually  examine  its 
surface.  This  procedure  led  Hutchinson  to  conclude: 

.  that  ruling  i' Huns  at  tin'  Iviuil  list  »orv  tlirci'lci! 

Ion  aril  obtaining  Mil'it'ilivr  isllmatos  On'  pan  inenl  ilis- 
lull  Ion  ami  ilrlcrioialioii.  ami  not  lii.ihl.iniingistini.'ili'Mil 

till'  itlll  il|.itiutiO  it  t  Ithtll  , . 1 

However,  the  regression  equations  developed  to  pre¬ 
dict  the  subjective  user  rating  showed  measured 
longitudinal  roughness  as  by  far  the  most  significant 
parameter  affecting  subjective  user  evaluation. 

Hutchinson  describes  some  specific  characteristics 
of  subjective  pavement  roughness  evaluation: 

Ills  riiting  qu.fttl,  affumeit  1  y  a  part  u nlai  faivsiHcnl 
section  is  a  subjectin' experience  anil  must  he  measured  as 
such.  Mis'  absolute  rilling  quality  is  not  a  unique  subjective 
characteristic  but  depends  on  the  interrelationship  of  the 
pavement  roughness,  vehicle,  and  vehicle  occupants.  An 
absolute  scale  of  riding  quality  would  require  the  establish¬ 
ment  of  absolute  levels  of  subjective  experience  that  result 
from  particular  vibrational  environments.54 

Therefore,  a  user’s  subjective  rating  of  pavement 
ride  quality  (or  relative  index  of  roughness)  depends 
on  many  factors  other  than  individual  rater  differ¬ 
ences.  While  individual  differences  can  be  somewhat 
diminished  by  using  the  mean  rating  of  a  large  group 
of  raters,  vehicle  characteristics  and  speed  arc  also 
very  important  factors.  A  pavement  may  have  rough¬ 
ness  characteristics  such  that  its  quality  is  rated  rela¬ 
tively  high  at  20  mph  but  relatively  low  at  70  mph. 

Three  major  systematic  rating  errors  have  been 
recognized  in  subjective  rating: 

I  The  error  of  leniency  which  refers  to  the  constant 
tendency  of  a  rater  to  rate  too  high  or  too  low  for  whatever 
reasons. 

2.  The  halo  effect  v  Inch  refers  to  the  tendency  of  raters  to 
torcelhc  rating  ot  a  parucil1.it  ailtibuie  uillu.  ilitCi noli  of 
the  overall  impression  of  the  object  rated. 

V  The  error  of  central  tendency  which  refers  to  the  tact 
rttvrt  ,irtct  beifr-lc  gfii  C HTU St  Tiiitgtnwii  rS 
and  tend  to  displace  individual  ratings  toward  the  mean  of 
the  group.55 


Hutchinson.  Principles  of  Subjective  Ruling  Scale  Con 
i mil  lion  HKK  46  (Highway  Research  Board.  1964),  p  62. 

54B.G.  Hutchinson.  Principles  ol' Subjective  Ruling  Scule  Con¬ 
struction.  p  64 

55B.G  Hutchinson,  Principles  of  Subjective  Ruling  Scule  Con¬ 
struction.  pp  6.1-64 


These  problems  tend  to  diminish  the  reliability  o! 
subjective  evaluation  if  the  rating  system  is  not  prop¬ 
erly  designed.  Also,  the  subjective  evaluation  does 
not  give  information  on  structural  damage  or  com¬ 
ponent  failure  of  the  vehicle.  Its  value  is,  of  course. 
thM  it  is  a  direct  assessment  ofthi  \i\v.r.‘ waluaViv/n 
of  the  level  of  service  provided  by  ;!tc  pavement. 
Also,  it  may  be  that  the  most  critical  limitation  is 
human  tolerance.  Vehicle  structural  or  component 
failures  may  be  insignificant  as  long  as  pavement 
ride  quality  is  acceptable  to  a  majority  of  rser.s. 

The  subjective  evaluation  ot  highway  pavements 
has  been  correlated  with  quantitative  roughness 
measurements.  Predictive  regression  equation:,  for 
psmrrrtTrts  wtt  atvcVnped  .Tl  Vhe 
AASHO  Road  Test  to  estimate  the  users’  subjective 
present  serviceability  rating  from  objective  measured 
pavement  surface  data.  The  estinmcii  rating  is 
called  a  present  serviceability  index  '?Si)  to  distin¬ 
guish  it  from  the  actual,  subjectively  estimated  PSR, 
However,  it  must  be  remembered  thm  PO :  is  an  esti¬ 
mate  of  the  true  P5R  vaiue.  The  AASHO  .ncael  i«.  as 
follows: 

PSI=C  +  A1R;-!BJD;+ B2D2  |Lq  *j 

where  C  =  coefficient  (:•. 0.1  for  flexible  pavenenis 
and  5.41  for  rigid  pa'cmcm. 

Aj  =  coefficient  (-l.4)!  ami  -  .  .30  for  flexible 
and  rigid  pavement:,,  tespectively) 

Rj  =  function  of  profit.'  rougtncss  (log 
|l-f5Vj,  where  SV  =  mean  slope  variance 
from  CHLGE  proftiomeier) 

Bj  =  coefficient  (-1.38  lor  flexible  and  i)  ‘or 
rigid,  respectively) 

D,  =  function  of  surface  rutting  iT; 3^.  where 
I? I)  =  mean  rut  depth  along  pavement) 

B2  =  coefficient  (-0.0 i  for  Hex  oie  and  -C.09 
for  rigid) 

Dj  =  function  of  surface  dcT-rio-;  ‘ion  rfy/T’-rP. 
where  C+P  =  amount  of  crac<i::g  tin 
linear  fee;  for  rigid  and  square  met  for 
»Vf  Mk, ,  '-«•  Vert 

i.000  ft*  of  pave  mem). 

The  accuracy  of  these  models  car  on  judged  by  t  nc 
following  statistics: 

Flexible:  RJ  =  04%  (multiple  correlation  coeffi¬ 
cient) 
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Sc  =  0.38  (standard  error  of  estimate  of 
I’SR) 

Rigid  R2  -  92% 

Sc  =  0,12. 

further  work  by  Yoder  and  Milhous'1  provided 
extensive  correlations  between  various  equipment 
measurements  and  subjective  panel  ratings.  Their 
results  showed  that  the  standard  error  in  predicting 
panel  ratings  from  equipment  measurement  alone 
was  only  slightly  larger  than  when  pavement  condi¬ 
tion  factors  were  included  (such  as  cracking,  patch¬ 
ing.  etc.). 

Similar  regression  equations  to  predict  (he  subjec¬ 
tive  present  serviceability  rating  from  measured 
pavement  data  were  developed  by  the  Texas  High¬ 
way  Department  in  !%8.57  Similar  R2  and  standard 
error  of  estimates  were  obtained.  It  was  also  deter¬ 
mined  that  a  model  containing  only  slope  variance  or 
roughness  index  explains  about  b7  percent  of  the 
mean  rating  panel's  opinion  (R2  =  67  percent).51 

Walker  and  Hudson  developed  a  regression  model 
using  profile  wavelength /amplitude  characteris¬ 
tics.59  The  basis  for  this  model  can  be  seen  in  Figure 
9,  which  shows  the  relationships  between  power, 
wavelength,  and  I’SR.  The  form  of  the  equation  is  as 
follows: 

I’SR  =  B0TB1X,  +  B,X,  +  B,X,+  .  BNXN  |Eq5| 

where  Bj  =  the  linear  model  coefficients  determined 
from  regression,  and 

Xj  =  the  average  amplitude  for  i1*1  wave¬ 
length. 

For  this  regression  model  the  R2  was  0.89  and  the 
standard  error  of  estimate  was  0.33.  which  indicates 


’"F.J  Yoder  and  R.f.  Milhous,  Comparison  of  Different 
Methods  of  Measuring  Pavement  Condition.  NCHRP  Report  No. 
7  (Highway  Research  Board,  l%4). 

’’Freddy  I  Roberts  and  W.  Ronald  Hudson.  Pavement 
Serviceability  liquations  Using  the  Surface  Dynamics  Pro/ Horn- 
iter,  Research  Report  7.1-.1  (C'enu-r  for  Highway  Research.  The 
University  of  Texas  at  Austin.  1970). 

wr  s.  Walker  and  W.K  Hudson.  The  Use  ot  Spectral  Esti¬ 
mates  /or  Pavement  Characterization.  Research  Report  156-2 
It  enter  lor  Higlmas  Research.  University  of  Texas  at  Austin, 
197.1) 

”R  S  Walker  and  W.R.  Hudson.  The  Use  of  Spectral  Esti¬ 
mates  lor  Pavement  Characterization 


that  it  can  be  used  to  estimate  the  users'  subjective 
PSR  with  about  the  same  accuracy  as  the  models 
that  include  the  pavement  surface  deterioration 
characteristics  of  rutting,  cracking,  and  patching. 
This  model  has  been  used  extensively — and  success¬ 
fully -by  the  Texas  Highway  Department  to  esti¬ 
mate  I’SR.  This  work  shows  that  it  is  possible  to 
accurately  estimate  the  subjective  user  rating  or  serv¬ 
iceability  of  a  highway  pavement  if  ihc  wavelength/ 
amplitude  characteristics  ol  the  longitudinal  profile 
of  the  pavement  arc  determined  by  the  power  spec¬ 
tral  density  technique.  Prediction  of  I’SK  using  only 
slope  variance  or  roughness  index  is  less  accurate. 

The  development  of  subjective  evaluation  tech¬ 
niques  for  runway  pavements  has  not  paralleled  that 
for  highways  Subjective  evaluation  techniques  are 
available  only  front  a  limited  study  conducted  by 
Steitle.*0  which  developed  rating  forms  for  obtaining 
pilots' evaluations  of  runway  pavements  (Figures  l7 
and  18).  Actual  ratings  of  two  runways  at  Dallas 
Love  Field  were  obtained  from  about  50  airline 
pilots.  As  can  be  seen  in  Figures  17  and  18.  the  basic 
AASHO  rating  scheme  of  five  categories  was  used 
for  each  evaluation  criterion.  Typical  rating  results 
obtained  for  takeoffs  on  Runway  31 R  are  shown  in 
Figure  19.  Profile  measurements  were  made  on  both 
Love  Field  runways  using  the  Surface  Dynamics 
Profilometer. 

Steitle  suggests  two  methods  for  analyzing  the 
pilots'  subjective  ratings  and  the  measured  runway 
profiles.  One  approach  is  to  determine  the  effect  of 
cockpit  accelerations  on  the  pilots'  ratings.  Cockpit 
accelerations  along  the  runway  can  be  determined 
for  each  aircraft  using  the  TAXI  Code  computer 
program  and  the  runway  profile.  A  possible  tech¬ 
nique  would  be  to  determine  a  single  summary 
roughness  indicator,  such  as  average  absorbed 
power,  to  correlate  with  the  pilot  rating.  A  regression 
equation  might  thus  be  developed  which  would 
relate  absorbed  power  to  the  pilots’  subjective  evalu¬ 
ation  of  a  runway. 

Another  approach  is  to  determine  the  profile 
amplitudc/wavelength  characteristics  of  the  pave¬ 
ment  through  power  spectral  analysis  and  develop  a 


50I)uvid  C.  Steitle.  Development  oj  Criteria  lor  Airport  Runway 
Roughness  Evaluation.  MS  Thesis  (The  University  of  Texas  al 
Austin,  1972). 
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TAKE-OFF 


PILOT'S  NAME _  AIRPORT  NAME _ 

AIRLINE  NAME _  TYPE  OF  AIRCRAFT 

SURVEY  USED _  TIME  _ 


LOCAL  CONDITIONS 

DAY  □  NIGHT  □  WET  □  DRY  □  WIND _ 

DIR.  /VEL. 

OVERALL  RIDING  QUALITY 

ACCEPTABLE  □  UNDECIDED  □  UNACCEPTABLE □ 

QVSMkl . MLIttS 

VERY  VERY 

GOOD  GOOD  .  FAIR  POOR  ,  POOR 


PREMATURE  LIFT-OFF 

NO  □  POSSIBLY  □  YES  □ 

LONGITUDINAL  LOCATION  OF  PREMATURE  LIFT-OFF  OR  T/O  ROTATION 
(INDICATE  ON  A  SKETCH  IN  SPACE  BELOW) 


PORPOISING 


VERY 

VERY 

.  LITTLE  .  SOME 

AVERAGE 

MUCH  MUCH 

i  i 1 1 ii  1 1 1 1  1 1 1  i  i  ■ 1 1 1 

0  1 

2  3 

4  5 

VERY  VERY 

LITTLE,  SOME  .AVERAGE,  MUCH  ,  MUCH 


0 

OBJECTIONABLE 

1 

COCKPIT 

2  3 

ACCELERATIONS 

4  5 

NUMBER 

OF 

ALL 

VERY 

VERY 

UNOBJECT  FEW 

SOME  ,  MANY 

.  MANY  | 

...Jaii.Ii.i 

!  I  I  i  1  I  1  1  1  1  1  II 

0  12  3  4  5 


MAGNITUDE  OF 


ALL 

MOSTLY 

MOSTLY 

MOSTLY 

MOSTLY 

.UNOBJECT, 

MILD 

.  MODERATE, 

STRONG  j 

SEVERE  . 

ivfwivvnvi 

0  1  2  3  4  5 


Figure  17.  Pilot's  subjective  roughness  rating  form.  (Front  David  C.  Steitle,  Development  oj  Ciiteriu  for  Air¬ 
port  Runway  Roughness  If  valuation.  MS  Thesis  |The  University  of  Texas  at  Austin.  I972|.) 
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REMARKS  ON  RUNWAY  CONDITION 


INSTRUCTIONS 


The  rating  form  provides  one  side  for  take-off  information  and  one  side 
for  landing  information,  as  indicated  on  the  form.  The  initial  infor¬ 
mation  to  he  filled  in  at  the  top  of  either  side  is  sel f-expl anatorv . 

However ,  for  "Type  of  Aircraft",  the  specific  model  is  desired,  such  as 
B727-200  Stretch  or  DC-9-30.  Check  marks  should  be  placed  in  appropriate 
boxes.  And,  where  a  longitudinal  location  is  requested,  a  sketch  such 
as  the  ones  below  is  appropriate. 

LONGITUDINAL  LOCATION  OK  TOUCHDOWN  (Indicate  of  a  sketch  In  space  below) 
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LONGITUDINAL  LOCATION  OF  PREMATURE  LIFE-OFF  OR  T/O  ROTATION 
(Indicate  on  a  sketch  In  space  below) 


3LR 


4-8-5000 


The  Information  desired  from  the  sketch  is  the  portion  of  the  runwav 
used  in  the  maneuver.  Also,  feel  free  to  indicate  on  the  sketch  areas 
of  roughness,  waviness,  etc.  For  the  items  which  have  a  scale  from 
zero  to  five  and  the  "LATERAL  LOCATION  OF  TOUCHDOWN"  scale,  a  vertical 
line  through  the  appropriate  value  is  desired  such  as  is  indicated  bv 
the  arrows  below. 


PROPOISING 


VERY 

VERY 

1  UTTLE 

1  S0?E  1 

,  AVERAGE , 

1  M,UCH  1 

MUCH  | 

1 _ 1  1  1  1  1  u 

'  1  1  1  1  1  11  H.i 

1 1 1 » i  1 « » 1 1 1 . 

ul  mil 

Hill  11 11.1 

LATERAL  LOCATION 
OF  TOUCHDOWN 


/ 

LEFT  EDGE  CENTER  I 

L— t _ L. .  i_  -i i L_l 1 l i— 

75  60  40  20  0  I  20  40 


RT  EDGE 


J _ L 


60  75 


I 


Finally,  space  is  provided  on  the  right  of  the  sheet  for  any  remarks 
which  you  think  may  be  appropriate. 


Figure  18.  Pilot's  subjective  roughness  rating  instruction  sheet.  (From  David  C.  Steitle.  Development  of 
Criteria  for  Air/tort  Runway  Roughness  Evaluation.  MS  Thesis  (The  University  of  Texas  at  Austin,  1972].) 
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figure  IV.  Pilot's  rating  data  tor  take-off  on  Runway 
.HR.  Love  Field.  Dallas.  (from  David  (  Stride. 
Dcvclopmi'iil  <>l 'Criteria  /or  Airport  Runway  Roitfili- 
iwss  l.vnhuuion.  MS  Thesis  1 1  he  University  ol  I  exas 
at  Austin.  ltT2|.) 

predictive  model  similarly  to  the  way  in  which  Equa¬ 
tion  5  was  developed,  to  relate  pilot  subjective  re¬ 
sponse  to  pavement  profile  characteristics.  Even 
from  an  examination  of  the  limited  data  obtained  by 
Steitle.  it  seems  probable  that  to  achieve  an  accept¬ 
able  level  of  accuracy  a  different  model  would  be 
needed  for  each  aircraft  type. 

The  subjective  evaluation  of  a  pavement's  ride 
quality,  and  therefore  its  index  of  roughness,  has 
definite  advantages  and  disadvantages.  Possibly  its 
greatest  advantage  is  that  it  gives  a  direct  user- 
evaluation  of  the  functional  serviceability  of  a  pave¬ 
ment.  Its  greatest  disadvantage  is  that  human  re¬ 
sponse  to  vibrational  environment  is  highly  variable 
and,  therefore,  the  rating  panels  must  be  large  if 
reasonable  serviceability  ratings  arc  to  be  obtained. 

Roughness  Measurement  Equipment 

Several  types  of  equipment  systems  presently 
available  are  capable  of  measuring  roughness 
and/or  processing  the  data  to  provide  roughness 
indicators  previously  described.  The  equipment  can 
be  classified  into  systems  that  measure  (1)  pavement 
surface  profile,  (2)  axle/vehicle  body  displacement, 
(2)  acceleration  and  absorbed  power,  and  (4)  slope 
variance.  Table  I  lists  the  equipment  described  in 
this  section. 


'fakir  I 

Summurv  ol  Mq|<>r“Ki.iighnt«s"  Measurement  Equipment 

I  I'HIMINI  I'KOI  it  I  Ml  ASt  Ki  MI  NI 
ifkot  it  mu  1 1  uxi 

.1  IV,  fist  1  ru'lnii' 

D  Suit. m  Ihn.tiuus  I'rnliioiiit/iri 
.  Af  Wi  | net l i  t’  fV*l»li>nH,h,r 

if  \l  VN  i  l  I  *1  •  llill  ipIl'IlM 
Mi 

t  Hniivh  Ko.ul  Kum  . uuh  1  ,ilu’Mit-r\  Protili^t'iiph 

V  I  ill<  II  \XI  i  Hum  blM'l  M  l  Ml  \  I 

VI  A  SI  KI  MINI  iKOl  i.HOVU  :  I  KSi 

,i  f  S  Mtiir.ui  dI  I’nMii-  Kn.nl*  Nmiphi»niru*r 
I'  I*  <  \  Kiuditnit  .ci 

\  Kitlc  M«  tci 

I  \<  (  I  I  I  l<\ I  ION  NHSOKbl  I)  POW  f  K  Ml  AM  KI  MIM 

a  Kcimu  k\  I  >0  I  \t  Cl  ICf  »»nu  |»T 
b  Ahsmbril  IVaci  Vi  let 

I  SI  on  \  \K1ANU  Vi  \‘!  HI  MIM 
,i.  (  III  Oi  iVnlilomdcr 

Pro/i/c  Mrasiu'ny  i'.ijiiipim  m 

1.  Precise  Leveling  u.h\  ElL):  The  actual  pave¬ 
ment  surface  profile  can  he  obtained  by  using  precise 
leveling  techniques,  a  method  that  has  been  used 
often  in  airport  runway  reseat  eh.  Before  inertial-type 
prolilometers  were  developed,  this  was  the  only- 
method  for  obtaining  accurate  profile  data.  The 
accuracy  ol  measurement  depends  upon  the  type  of 
level  and  rod  and  the  surveying  techniques.  Probably 
the  most  satisfactory  procedure  consists  of  setting 
bench  marks  along  the  edge  of  the  runway  with  pie- 
eise  leveling  instruments  (to  an  accuracy  of  ±0.001 
ft),  and  th'.  a  obtaining  the  actual  profile  elevations 
with  normal  leveling  instruments.  This  provides  pro¬ 
file  accuracy  of  better  than  ±0.01  ft.61 

The  profile  data  must  usually  be  adjusted  by- 
removing  the  natural  grade  belorc  the  data  can  be 
used  to  determine  such  indicators  as  power  spectral 
density.  Tiiis  technique  obviously  requires  much 
time  and  manpower,  but  can  result  in  accurate 
profiles . 

2.  Surface  Dynamics  Profiiometer  (SDP):  This 
inertial-type  profiiometer,  initially  developed  by 


“W.H.  Ravner  amt  M.O.  Schmidt.  Surveying  Llcmentury  and 
AJvamrd  (D.  Van  Nostrum!  Co,,  1%0). 
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USES 
OF  THE 
ROUGHNESS 
DATA 


Figure  20.  Surface  Dynamics  hofilomeicr  mcasurcmcni  system  used  by  Texas  Highway  Department.  (From 
K.W.  Walker  and  W.K.  Hudson.  A  Kmul  Profile  l)aia  Gathering  ami  Analysis  System,  paper  presented  at  the 
4l>th  Annual  Meeting  of  the  Highway  Research  Board.  Washington,  D.C.  |I97()|.) 


General  Motors  Corporation  in  the  early  1%0's.  was 
originally  named  theGMR  Road  Profilometer.*2,11**4 
The  initial  version  was  evaluated  by  the  Michigan 
Department  of  Transportation;*5  another  evaluation 
was  by  Spangler  et  al.“  The  first  commercial  SDP 
was  manufactured  in  l%7  and  has  since  undergone 
further  development  bv  the  Texas  Highwav  Depart¬ 
ment. ‘7‘*-‘’-7° 

*0  H  S|>.mi>tei  .mil  W.J  Kellcv.  Seme  Seismic  Methinl  ol 
Measuring  iht  Kami  Protile.  Butkiin  428  (Highwav  Research 
Board  I'aOi 

**!•  H  Spangler  unit  VV  J  Kelley  CMR  Road  Pmfilumeter  A 
\t rt lent  tor  Measuring  Komi  Profile  (General  Motors  C  orp.. 
|4ti4l. 

“I  H  Spangler  amt  W.J  Kellev,  CMK  Hoad  Pmfilumeter — A 
Method  lor  Measuring  Rotitl  Profile.  HKR  121  (Highway  Re- 
search  Hoard.  IMhSl.  pp  2”->4. 

“J  R  Darlmglor.  /.' valuation  anti  Application  Study  of  the 
(inter, tl  Motors  Cor/Miratlon  Rapid  Travel  Proptometer.  Re¬ 
search  Report  Number  R  "4  (Slate  of  Miehigan  Department  of 
Stale  Highwavs.  I47<|). 

“1  B.  Spangler  et  at..  f  valuation  ol  the  Surface  Dynamics 
Profilometer  lor  Rumvas  Profile  Measurement.  Technical  Report 
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The  complete  road  profile  data  system  developed 
in  Texas  consists  of  a  Surface  Dynamics  Profilom- 
eter  and  an  analog-to-digital  (A-D)  subsystem  (see 
Figure  20).  The  actual  road  profile  is  measured  by 
the  SDP  profile-sensing  subsystem  and  recorded  in 
anulnR  form  on  magnetic  tape.  Then  the  analog 
record  of  the  profile  is  converted  to  a  Jiyital  record 
of  road  profile.  This  digital  record  can  then  be  used 
to  calculate  several  roughness  statistics  such  as 
power  spectral  density,  roughness  index,  and  slope 
variance. 

The  measurement  process  is  shown  in  Figure  21 
and  described  by  Walker  and  Hudson  as  follows: 

The  SD  Pmfilumeter  contains  all  the  necessary  semnrs  and 
equipment  to  obtain  an  analog  signal  directly  proportional 
to  ,4  roadway  profile:  two  road-following  wheels,  each 
mounted  to  the  vehicle  and  held  firmly  in  contact  w  ith  the 
road  by  a  400-pound  spring  force  exerted  by  a  torsion  bar 
and  a  linear  potentiometer,  an  accelerometer,  and  a  small 
analog  (profile)  computer  sense  and  record  data.  A  linear 
potentiometer  is  mounted  between  a  sensor  wheel  and 
vehicle  body,  and  the  (Inference  in  sensor  wheel  and 
vehicle  bods  displacements  (W  /)  is  obtained  bv  the 
potentiometer.  The  accelerometer,  mounted  directly  above 
the  potentiometer,  induces  a  voltage  proportional  to  the 
vertical  vehicle  hods  acceleration  Z  and  the  analog  com 
puter  double  integrates  the  vertical  body  acceleration  to 


Roberts.  Development  of  a  System  lor  High-Speed  Measurement 
ot  Pavement  Roughness.  Pinal  Report,  Research  Report  74-5F 
(Center  for  Highw  ay  Research,  The  University  of  Texas  at  Austin. 
1471). 
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obtain  the  vertical  lunly  ilispluccmcnt  Z.  A  voltage  directly 
proportional  to  the  vertical  wheel  movement  (the  road  pro¬ 
file!  iv  then  obtained  hv  the  analog  summing  of  the  vertical 
body  displacement  Z  and  the  sensor  wheel  and  body  dis¬ 
placement  difference  W  Z.  An  active  high-pass  filtering 
network  is  employed  in  the  integrator  and  summing 
eircuitrv  lor  filtering  low  frequency  or  long  wavelength 
profiles,  such  as  lulls.  I  wo  independent  measuring  sub 
systems  arc  used  lor  measuring  profiles,  one  right  and  one 
loll  (wheel  paths)  ” 

Sonic  specific  advantages  of  the  Sl)l*  arc: 

(1)  li  provide  -  a  sufficiently  accurate  profile  at  a 
relatively  high  operating  speed  of  about  20  mph, 
compared  to  other  devices. 

(2)  It  provides  an  accurate  pavement  surface  pro¬ 
file  in  analog  and  digital  form  that  may  be  used  to 
determine  various  roughness  statistics  such  as 
roughness  index  and  slope  variance,  or  used  for 
power  spectral  analysis.  The  system  can  handle  large 
amounts  of  data  by  automated  means. 

(3)  It  can  measure  fairly  long  pavement  surface 
wavelengths  (up  to  about  200  ft).  Longer  wave¬ 
lengths  may  be  required  for  high-speed  runway 
pavement  evaluation,  however. 

(4)  It  has  excellent  repeatability. 

The  SDL  also  has  several  disadvantages: 

(1)  Wheel  bounce  at  operating  speeds  above  34 
mph  distorts  the  profile. 

(2)  Initial  equipment  cost  is  high;  operating  cost 
is  also  relatively  high  because  skilled  operators  are 
required.  In  addition,  there  are  significant  data 
processing  costs. 

(3)  The  equipment  and  computer  facilities  neces¬ 
sary  for  obtaining  digital  data  are  complex. 

(4)  Operational  traffic  hazard  problems  occur 
because  the  SDP cannot  obtain  accurate  profile  data 
at  normal  traffic  speed. 

Despite  these  disadvantages,  many  pavement 

MR.W.  Walker  and  W.R.  Hudson.  A  Ruud  Profile  Oulu 
Gathering  and  Analysis  System,  paper  presented  at  the  49th 
Annual  Meeting  of  the  Highway  Research  Board,  Washington. 
DC  (1970). 


engineers  consider  the  SDP  to  be  one  of  t  >c  best 
systems  available  for  measuring  pavement  >.  irfacc 
roughness. 

3.  AFWL  Inertial  Prolilometer:  This  profilomct  .t 
was  recently  developed  by  the  Dynasciences  Corpu 
ration  under  contract  with  the  Air  Force  Weapons 
Uihoratoi /  (AFWL)  and  is  being  used  extensively  n. 
AFWL's  pavement  roughness  studies.  The  inertial 
prolilometer  shown  in  Figures  22  and  23  is  similar  in 
concept  lo  the  SDP.  It  has  only  one  .oad-iolum  mg 
wheel,  which  is  located  approximately  at  the  cento 
of  the  vehicle. 

The  measurement  system  consists  of  a  vertical 
gyro  erecting  an  accelerometer  in  a  two-axis  gimnai 
system  with  a  LVDT  attached  to  the  spring-loaded 
road-following  wheel.  The  gyro  and  aceclerorsieici 
are  served  through  the  gimbals  to  keep  the  platform 
in  a  horizontal  plane.  The  outputs  from  the  acceler¬ 
ometer  are  doubly  integrated  to  give  the  instantane¬ 
ous  position  of  the  platform  in  the  vehicle.  This  dis¬ 
placement.  added  to  the  displacement  output  from 
the  LVDT.  gives  the  actual  instantaneous  relative 
altitude  of  the  pavement  surface  from  an  imaginary 
inertial  datum  line.  A  filter  screens  out  long-term 
accelerations  which  represent  wavelengths  longer 
than  400  ft.  enabling  the  system  to  establish  a  float 
ing  datui  •  which  is  the  average  over  about  400  It  of 
pavement.  Hence,  the  system  is  capable  of 
accurately  measuring  pavement  surface  wavelengths 
up  to  approximately  400  ft. 

A  lasar  beam  system  provided  with  the  profilo- 
graph  can  be  used  to  facilitate  accurate  horizontal 
alignment.  This  control  allows  the  profile  to  be  run 
along  a  specific  alignment  on  a  runway.  The  inertial 
profilometer  is  run  at  a  speed  of  20  mph. 

The  relative  pavement  profile  is  recorded  and  con¬ 
verted  from  analog  form  to  digital  form  within  the 
profilometer  for  further  use  in  pavement  roughness 
analyses.  The  advantages  and  disadvantages  listed 
for  the  SDP  apply  to  the  inertial  profilometer;  how¬ 
ever.  the  AFWL  inertial  profilometer  is  capable  of 
measuring  longer  surface  wavelengths,  an  advantage 
on  runway  pavements. 

The  AFWL  inertial  profilometer  has  been  com 
pared  to  rod  and  level  surveys  that  have  had  com  pat 
able  filtering  techniques  applied.  A  standard  devia 
tion  of  the  difference  between  the  inertial  profiiom 
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Figure  22.  View  of  profilometer  vehicle  and  lasar  setup  for  horizontal  control. 
(From  M.  Womack.  Private  Communication.  AFWL  (1974).) 


Figure  23.  View  of  profilometer  road-following  wheel.  (From  M.  Womack, 
Private  Communication,  AFWL  [1974).) 
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trier  ami  the  nxl  and  level  survey  profile  was  com- 
puled  lo  be  *  0. Ill'  in.'1 

4.  A  F  W I  Lasar  Profilometer  (LASAR):  The 
I.asar  Profilometer  was  developed  by  General 
Applied  Seienee  I.aboratories  under  eontract  with 
AFWL  I  he  system  eonsists  of  two  separate  compo¬ 
nents:  (lie  lasar.  which  is  mounted  in  a  small  vehicle 
as  shown  in  figure  24;  and  a  light -sensing  target 
connected  directly  to  a  road-following  wheel,  which 
is  supported  by  another  small  vehicle  as  shown  in 
figure  25.  figure  26  shows  the  vehicles  containing 
the  lasar  and  the  light-sensing  target.  The  vehicle  in 
which  i lie  lasar  is  located  remains  stationary,  while 
the  v ehii-le  containing  the  light-sensing  tar/jet  moves 
along  i he  pavement  being  measured  at  a  rate  of 
approximately  3  mph.  As  the  road-following  wheel 
moves  along  pavement  surface,  the  light-sensing 


Figure  24.  Lasar  and  lasar-leveling  assembly  in  lasar 
vehicle,  (from  M.  Womack,  Private  Communica¬ 
tion,  \fWL  1 19741) 

"M.  Womack.  Private  Communication.  AFWHI974). 


target  remains  locked  onto  the  lasar  beam  by  moving 
up  and  down  automatically,  to  keep  the  lasar  beam 
on  the  taig«  t.  A  recording  device  connected  to  the 
target  provides  a  sampling  interval  of  6  in.  This 
record  is  converted  to  digital  form  on  magnetic  tape 
and  used  for  pavement  roughness  analysis.  Although 
the  equipment  is  currently  capable  of  operating  only 
at  night,  it  could  be  modified  for  daylight  operation. 
This  prolilometer  is  capable  of  giving  accurate  pro¬ 
file  measurements.  A  standard  deviation  of  the 
difference  between  the  lasar  profile  and  a  rod  and 
level  profile  was  determined  to  be  ±0.12  in.71  A 
single  9000-ft  line  of  survey  (18,000  data  points)  can 
be  accomplished  in  approximately  one  hour.  The 
equipment  necessary  for  this  system  is  also  relatively 
expensive  and  generally  requires  a  three-man  crew. 

5.  Rolling  Straightedge  (RSE):  Several  varieties 
of  this  type  of  profilometer  exist.  Both  the  California 
Division  of  Highways  and  the  University  of  Michigan 
have  leveloped  truck-mounted  versions.74-75  An 
excellent  review  of  the  development  of  various  RSE 
profilometers  is  given  by  Hveem.7* 

The  RSE  profilometer  used  in  Utah  Highway- 
Department  research  (Figure  27)  is  described  here  to 
illustrate  the  characteristics  of  this  type  of  profilom- 
tter.  The  recording  wheel  in  the  center  of  the  pro- 
filometer  is  connected  to  a  recorder  chart  mounted 
on  the  profilometer  frame,  which  plots  the  change  in 
displacement  between  the  recording  wheel  and  the 
frame  support  wheels  located  about  25  ft  apart. 
Several  support  wheels  are  used  to  minimize  or 
average  out  the  relative  errors  involved  with  this 
device.  A  vertical  emplacement  integrator  is  used  to 
sum  one-direction  deviation  of  the  recording  wheel. 
The  relative  profile  is  plotted  continuously  on  the 
chart  at  a  scale  of  1  in.  =  1  in.  vertically  and  1  in.  = 
25  ft  horizontally.  These  profilometers  operate  at  a 
relatively  slow  speed  (usually  less  than  3  mph). 

The  RSE  can  provide  a  roughness  index  automati¬ 
cally.  The  relative  profile  can  also  be  scaled  from  the 
chart,  but  with  questionable  accuracy.  Because  of 
the  limited  wheel  base  of  the  profilometer  frame. 


7,M.  Womack.  Private  Communication.  AFWL  (I974). 

"F.N.  Hveem.  Devices  for  Recording  and  Evaluating  Pavement 
Roughness.  Bulletin  264  (Highway  Research  Board.  I960). 

,5W.R.  Hudson,  W.E.  Teske.  H.  Karl  Dunn,  and  E.B. 
Spangler.  State  of  the  An  of  Pavement  Condition.  Special  Report 
95  (Highway  Research  Board,  1 968). 

’‘F.N.  Hveem. 
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Figure  26.  General  view  of  AFWL  lasar  system  protilomcter. 
(Front  M.  Womack,  Private  Communication.  AFWL  [1974].) 
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Figure  27.  Rolling  straightedge-type  profilometcr.  (From  W.J.  Liddlect  al..  Evaluation  of  Pavunt'iit  Scnice- 
ability  on  Utah  Highways.  Interim  Report  l%9  |Utah  Highway  Department.  1%9|.) 


wavelengths  longer  than  25  It  (needed  tor  runways  or 
high-speed  highways)  cannot  be  obtained  from  the 
relative  profile. 

The  RSt-’  prolilometers  are  used  primarily  for 
research  studies  and  for  cheeking  the  roughness  of 
newly  constructed  pavement  surfaces. 

<>.  British  Road  Research  Laboratory  Profilom- 
ctcr  (RRL):  The  RRL  profilometcr  was  originally 
developed  at  the  Road  Research  Laboratory  in  Great 
Britain  and  has  been  used  extensively  by  several 
Canadian  agencies  (Figure  28).  This  profilometer 
provides:  (I)  a  continuous  profile  of  the  pavement 
surface  (profile  drum).  (2)  a  roughness  index  in 
inches  per  distance  (integrator),  and  (3)  the  number 
and  size  of  surface  irregularities,  an  increment  of  0.1 
in.  from  0.1  to  1.5  in.  (classifier).77 


"K.W  Culley.  Rnughness  Index  Standards  lor  Saskatchewan 
Pavements.  Technical  Rep- rt  I  (Saskatchewan  Departrient  of 


The  RRL  profilometer  is  further  described  by 
Chong  and  Phang  as  follows: 

The  prolilnmetcr  is  basically  a  lo-wheelcd  articulated 
carriage  that  supports  a  detecting  and  recording  device  at 
a  constant  height  above  the  main  level  of  the  road  surface. 
The  lb  wheels  and  their  axles  support  four  4-wheeled 
bogies  that  cover  a  total  width  of  4  ft  and  provide  a  21-loot 
long  w  heel  base.  The  design  of  the  unit  is  such  that  only  V„ 
of  the  vertical  movement  of  any  single  w  heel  is  transmitted 
to  the  mounting  of  the  detector  wheels.  The  tires  of  the 
w  heels  are  made  of  soft  rubber  and  arc  inllatcd  to  a  low 
pressure  to  ensure  that  very  small  irregularities  in  the  road 
surface  arc  not  introduced  into  the  measurement. 

The  detector  assembly  is  located  at  the  center  of  the  chassis 
and  consists  of  a  detector  wheel  mounted  centrally  on  a 
vertical  detector  shaft  positioned  in  vertical  guides.  Two 
trailing  (Hanking)  wheels,  mounted  on  elbows  and  pivoted 
on  the  detector  shaft,  ensure  that  the  detector  wheel 
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Figure  28.  Ontario's  RRL-type  prolilometer.  (From  G.J.  Chong,  Measurement  of  Road  Rideability  in  Ontario. 
Report  IR  29  (Department  of  Transportation  and  Communieations  of  Ontario,  1969].) 


"tracks"  thf  lute  ol  trawl  properly.  This  results  in  a  com¬ 
pensating  forward  movement  of  the  profile  pen.  which 
keeps  the  plot  of  each  vertical  drop  vertical. '• 

The  tleviee  is  towed  by  a  small  tractor  at  approxi¬ 
mately  1  mph.  The  RRL  profilograph  gives  good 
repeatability  and  could  be  used  for  long-term  rough¬ 
ness  measurements  on  special  test  sections,  or  for 
construction  control.79  However,  it  is  not  capable  of 
measuring  wavelengths  longer  than  about  25  ft, 
which  greatly  limits  its  usefulness. 

Vehicle  Axle/Hody  Displacement  Measuring 
Equipment 

I.  U.S.  Bureau  of  Public  Roads  Koughometer 
(BPR):  Several  highway  agencies  have  used  the  BPR 
roughometer  over  the  past  years.  The  basic  device 


"G.J.  (  hong  and  W.A.  flung,  PCA  Ruud  Meter  Measuring 
Ruud  Roughness  at  50  mph.  Special  Report  No.  13.1  (Highway 
Research  Board  1973).  p  53. 

"G.J.  (  hong.  Measurement  oj  Road  Rideability  in  Ontario. 
Report  IR  29  (Department  of  transportation  and  Communica¬ 
tions  ot  Ontario.  l‘Mi9). 


commonly  used  today  is  shown  in  Figure  29  and 
described  as  follows: 

the  roughometer  is  a  single-wheeled  trailer  having  a 
recording  wheel  located  centrally  in  a  frame  that  repre¬ 
sents  the  top  of  a  suspension  system:  it  is  comprised  of  2 
standard  leaf-springs  and  2  standard  hydraulic  dashpot 
dampers.  An  integrator  capable  of  moving  in  both  direc¬ 
tions  (but  which  is  arranged  to  integrate  only  in  one  direc¬ 
tion)  is  coupled  to  an  electric  counter  that  is  calibrated  to 
record  inches  of  vertical  movement.  The  integrator  that  is 
lived  to  the  framework  attached  to  the  suspension  system 
is  connected  to  the  axle  of  the  recording  wheel  by  a  steel 
cable. 

Hie  recording  system  thus  measures  the  inches  of  vertical 
movement  of  the  axle  relative  to  the  top  o'  the  suspension 
system.  A  second  counter  records  the  revolutions  of  the 
recording  wheel  so  that  between  the  2  counters  the  rough¬ 
ness  of  any  length  of  road  may  be  recorded.10 

The  BPR  roughometer  outputs  a  roughness  index 
in  inches/longitudinal  distance  and  operates  at  a 


“G.J.  Chong  and  W.A.  I’hang.  PCA  Road  Meter  Measuring 
Road  Roughness  at  50  mph 
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Figure  29.  Bureau  of  Public  Roads  roughometer. 


speed  of  20  mph.  Its  most  significant  limitation  is 
that  the  roughness  index  measured  at  20  mph  by  a 
trailer  device  may  not  adequately  represent  the 
roughness  experienced  by  an  automobile  traveling  at 
much  higher  rates  of  speed.  According  to  Hudson  et 
al . . 81  the  roughometer  amplifies  shorter  wavelengths 
that  cause  automobile  shake  but  attenuates  the 
longer  wavelengths,  distorting  the  roughness  charac¬ 
teristics.  The  20  mph  operating  speed  is  also  signifi¬ 
cantly  below  that  of  other  roughometers  mounted  in 
actual  automobiles. 

2.  Portland  Cement  Association  Roadometer 
( PC  A ) :  The  Portland  Cement  Roadometer  was 
developed  by  M.  P.  Brokaw  in  1%5  and  many 
agencies  have  since  constructed  versions  of  it. 8I*8J  A 
simple  electromechanical  device  installed  in  a  pas¬ 
senger  automobile,  it  measures  the  number  and 
magnitude  of  vertical  displacements  between  the 
automobile  body  and  the  rear  axle.  Figure  30  is  a 
schematic  illustration  of  the  device.  Its  measuring 
system  is  described  by  Phillips  and  Swift: 
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Figure  30.  Schematic  illustration  of  PC  A  roadometer. 

thai  the  moving  arm  cncouiiiors  each  particular  contact. 
Thus,  in  the  course  of  di  n  iiig  over  it  given  secliun.  contacts 
near  the  malposition  will  generally  he  t cached  frequently 
and  those  farther  away  will  he  seldom  encountered, 
because  there  arc  ordinarily  many  small  surface  ir,  gulari- 
ties  and  only  a  few  large  ones.  Accordingly,  at  the  end  of 
any  traverse,  the  several  counters  indicate  the  mimher  of 
times  their  respective  contacts  It.ivc  been  energized.  flic 
indication  of  surface  roughness  is  obtained  by  multiplying 
the  readings  of  the  individual  counters  each  ov  an  appro 
priatcconst.ini.  then  summing  the  icsuliing  numbers. 14 

Brokaw  showed  that  tills  procedure  in  effect  gives 
greater  weight  to  the  larger  deviations  in  proportion 
to  their  magnitudes,  and  has  a  square  law  effect 
which  renders  the  summed  roughness  count  similar 
to  a  slope  variance  measurement,  although  the 
instrument  does  not  actually  measure  slope  variance. 
The  summed  PCA  roadometer  count  (divided  bv  64 
times  the  section  length)  provides  a  roughness  index 
in  square  inches  per  mile  of  pavement  traversed.85 


Its  cable  bom  the  rear  axle  is  attached  to  a  switch  or  com¬ 
mutator  so  arranged  that  each  successive  V,-in.  departure 
Irom  a  preselected  zero"  or  midposition  results  in 
nergi/ing  a  ddlerciil  contact  ot  the  switch.  A  series  of 
electromagnetic  counters  registers  the  number  of  times 


"W.U  Hudson.  W.I-  leske.  Karl  H.  Dunn,  and  E,B. 
Spangler.  Slate  til  the  Art  til  Pavement  Condition  evaluation, 
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,;M.P.  Brokaw.  Development  ol  an  Automatic  Electro¬ 
mechanical  Sail  Seeking  Device  (or  the  PCA  Hoad  Meter.  Special 
Report  l.l.T  (Highway  Research  Board.  IU7.1). 

MH  I  Wagner  and  B.P.  Shields.  Development  of  a  Modified 
PCA  Road  Meter  for  Pavement  Roughness  Testing  (Research 
Council  of  Alberta,  Highway  Research  Division.  I%41. 


Researchers  have  discovered  several  factors  which 
significantly  affect  the  PCA  roughometer  output:86-87 

(1)  Different  automobiles  usually  do  not  provide 
the  same  numerical  roughness  count. 
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Measuring  Systems.  HRR  241  (Highway  Research,  Board.  1%'t). 
”M.B.  Phillips  and  Ci.  Swift 

•‘Patrick  Hughes.  Evaluation  ol  the  PCA  Rnatl  Meter, 
Special  Report  1.W  (Highway  Research  Board,  W7.t) 

•7G.H.  Argue.  A  Canadian  Evaluation  Stud r  ol  Knud  Meiers, 
HKB  Special  Report  l.T.T  (Highway  Research  Board.  IH7.H 
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(2)  Hr-  roiighometoi  will  correlate  reasonably 
well  willi  subjective  naiul  evaluation  //’the  panel  is 
lain*.. 

(2)  Uouglmev  cm, nls  v:nv  significantly  will: 
speed  ul  the  vciitci 1  luaii  in  .nitnmobili.  low  air 
temperatures  (*  IS"|  ,,  wind  velocity  C>iS  nipli),  ami 
mechanical  condition  of  tin-  t?sl  vehicle. 

Perhaps  Ihe  major  'iii'il.iiion  of  the  toadomettt  is 
that  its  roughness  nica  .nremcni  v. ill  change  with 
lime  because  of  lesi  vehicle  wear-out.  It. ns  i;  cannot 
be  used  as  a  standard  ‘o  dcicrmine  change  in  rough¬ 
ness  with  time,  unless  extensive  calibration  pro¬ 
cedures  are  followed  These  procedures  include 
direct  correlation  with  a  rating  panel  or  a  non¬ 
changing  profilogiaph  device  as  described  later.  The 
riajuradvttruagesvd  vhc  PC  ’  veau-'ftwUM  are  u*  Uwv 
cost.  efficiency.  and  ease  in  oh. lining  data  at  nigh 
speed . 

.V.  Mnys'  KWtc  Meter  tMRMr  The  Mitts'  KMe 
Meter  was  initially  devcio  ieil  by  Ivan  Mays  to  pro¬ 
vide  a  simple  method  if  obtaining  roughness  daiu. 
Various  agencies  have  determined  this  device  to  ne 
very  useful  and  somewhat  preferable  to  otiiei  lough- 
ometers.8M9-,c  Manufactured  by  ihe  Rainharl 
Company  of  Austin,  '.’exas.  '1  the  MRM  is  ?  ..imple 
electronieehanical  device  mourned  in  a  standard 
automobile. 

The  basic  measuring  technique  i  .  sunila-  to  the 
PCA  and  BRP  equipment  as  eescibecl  by  Walker 
and  Hudson: 

Roughness  imsisurcincr.ts  .in.  pi '<poi  timia1  to  the  vemeal 
changes  between  itic  vclii.  lc  ivily  ami  its  rear  .ixV  as  die 
vehicle  travels  mcr  a  paver  e-c .  !  hen'  v  erlie.il  nmt inns  are 
aeeiiniulaled  anil  are  I'.voni.-.i  ne  an  ainaneing  paper  I'pe 
or  strip  chart  In  a  ns  online  P"ii  sniuillaoe  iusl>  'wrung  a: 
a  rale  proportional  In  f lie  Movrnier.ls  ol  die  'eliieln  lusty 
and  its  (lillcreiili.il.  V  -luele  •  listunce  i raveled  is  oso  imli 
ealcd  on  the  roughness  '.hail  In  an  anioni.u  e  even: 


"M.H.  Phillips  ,'ll.i  <  i.  S«:r.  '"ini' .  isn.:  m  i  in,r  Hiniyiuifss 
Miuiuirinu  SyMans.  HKK  2‘U  tt.'gl.w.iv  K-.se;, rn  loarc  Mu'!) 

•’Unger  S.  Walker  anil  W  Mon.ild  lliul.ai),  A  i'urriluliwi 
Sillily  ul  lilt-  Mays’  Komi  Mrler  -..///:  I  hi-  Surl'icc  Dynamics  I’rti- 
t  liliiinclcr.  Research  Itepon  IN,  i  o'enlci  lor  Higliw.r  Renareh. 
I  lie  l  'niversilv  oi  Texas  a  I  Acs,  in. 

,0S.M.  l  aw  and  W  I.  Hut'  III.  IlnuJ  thiiighti rss  l  nir/Uillnn 
SiiiiIy.  Research  Report  N<  4Js  lt.  »  osian.:  Uep.iiunea:  .»(  High¬ 
ways.  r/70). 

nMtiv\  Hide  Mclcr  lln.iklci  IRanihari  Co..  10721. 


inarkei  connc  led  In  (he  speeslonieler  ilriie  system  by 
measuring  'he  .".mount  ol  chan  moving  per  anil  ol  road 
length  Uau  kxl.  a  nmghncs.  nieasiiremem  directly  |)!'np.,r- 
tiouai  In  the  tolai  hiKiy-i'illerciiliul  iiimcmcm.  in  inches 
pel  mile  can  lie  ohlamed  *' 

A  ivpic.il  MUM  measurement  record  is  shown  in 
Figured!.  . 

The  MUM  system  n;.s  iiuiii;iiioi,.s  suuii.ir  u>  those 
uctcribed  for  the  PCA  device,  .although  it  iias  iieeu 
found  to  eonelaie  well  vs i; i«  pane,  ratings, ,3 toe 
roughness  index  values  cintij-e  with  veliicie 
wear  out.  The  Texas  dighvn,  Dcpaiiinei.t  uses 
several  MUM's  in  extensive  data-gathering  activi¬ 
ties.  nut  calibrates  the  (levies  with  the  SDP  at 
regular  intervals  to  avoid  the  problem  associated 
with  test  vehicle  wcar-out. 

An  excellent  comparison  neiwuen  dv’  3PP.  PCA. 
MUM.  and  CHJ.OK  rougnness  ■  .ensure ment  dev  ices 
was  made  bv  Phillips  am,  Svviii  'u  who  developed 
ivlUwrwAkm  wHitT  4k  w  -  mji  the 

various  operational  characteristics  of  these  devices 
(sec  Table  2). 

Acceleration/ Absorbed  Anvv,  usurenwiii 

I.  Kentucky  DO'T  Aeccieronus  *r:  im*  Kcmucky 
Department  of  Transportation  it*;  used  various 
instrumentation  systems  in  the  pas  I,  such  as  a  tri- 
a.vial  arrangement  o "acock  tomclcs  mourned  on  die 
chest  of  a  passenger  riding  in  a  sumiavd-.'iirc  auto¬ 
mobile.9*  Instrumentation  litis  now  oeeti  dc.eloped 
to  automatically  sum  the  vertical  tvee.c.aliea:.  meas¬ 
ured  in  ihe  same  position  over  a  ictigih  oi'procme/H. 
The  automatic  sysiem  s  ciiagr  .mnu.J  in  Figure  22 


’•’RoeCr  S.  Walker  amt  W  I’ntiuk  hia.son  /»  <  i.trciuimn 
Study  ti t:ue  Mavs'  rt'n  i  Met «*»•  '  ith  .//'■  SrrOer  f)\  M  'm.s  /Vo- 
lilometer,  Kcscarcit  Ivc] •«  i ;  1  l'f>- !  tCciiU:  1«m  Kc-carch. 

11  jc  l’n.\crsii\  m  I\\«r  at  •i:M in.  \<  S. 

Phillips  an*?  »'i.  Sw:ii 

,JU.S.  Walker  and  W  W.  Mutison,  Methn.l  n\- W  t  - 
inithiitty  Index  with  hi  M  ty\'  A’oi ;d  Met";.  :.pa.»*.i  Kc.*ort  i.\?. 
iHif’liuay  Research  Boartt.  I'lT.rJ 
9iRoycr  S.  Walker  and  V'r.  R^uaKi  I  i.nsni.,  A  iortvhi/tun 
Study  n /  the  Slay*  h’ltud  Mi  ter 
^R.S.  Walker  aim  W.K.  Huilstm.  \:cifi.ht  jnr  Mcisurinf! 
Senieeahility  l ndex. 

Pniliips  aiai  C».  Svs  ti 

v,W.r.  *  ins ,  Huwuh  v'ttn^finn  He.*fv*n\t  ,Mt'i.:.nremenl. 
nical  Rcpon  N.i,  ilSM  (l  .S  Anuy  t  .■  i;k — A:  D/mojiu  Coin- 
mainl. 
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Table  2 

Comparison  of  Road  Roughim*  Device** 


Description 

CHLOE  i'rofllomeler 

BPR  Roughomettr 

PCA  Ruadmeter 

May*  Road  Meter 

1. 

Apparatus 

1  railer  and  car 

Trailer  and  ear 

(nr  only 

Car  only 

; 

IlilMi*  1VS|10MST 

Mope 

Height 

Height 

Height 

l'ro|h>il  lon.tlil  s 

Square  law 

Lhiear 

.Square- law 

1  incut 

4 

Accepted  designation 
ol  measurement 

Slope  variance 

Roughness 

LtlF).  sum  ol  road  car 
deviations  squared 

Roughness  index 

>. 

Speed  while 
measuring 

3  to  5  nipli 

20  m  pit 

40  or  50  mph 

40oi  50mph 

(I. 

Speed  w  hile  traveling 
in  and  Irnui  sections 

1  egal  limit 

Legal  limit 

legal  limit 

Legal  limit 

In  field  set  up  lime 

15  minutes 

5  minutes 

1  minute 

None 

h. 

In-ticld  sol -up 
requirements 

Unload  CHLOE  from 
transport  trailer,  hook 
up  cables,  calibrate 

Lower  wheel,  hook  up 
roughness  integrator 
and  counters 

Stop  vehicle  to  set  to  aero 

None 

Maximum  section 
length 

less  than  0.5  mile 

Limited  only  by  rough¬ 
ness  exceeding  counter 
capacity 

Limited  only  by  rough¬ 
ness  exceeding  counter 
capacity 

Unlimited 

in. 

Minimum  sect  ion 

Not  recommended  for 

Not  recommended  lor 

Not  recommended  for 

Not  recommended  for 

length 

less  than  0. 1  mile 

less  than  0.1  mile 

less  than  0. 1  mile 

less  than  0.1  mile 

ii. 

Data  presentation 
lorm 

Number  ol  (i-in.  units 
traversed,  counts  and 
counts  squared 

Single  numerical  counter 

Plurality  of  numerical 
counters 

Length  of  chart  record 

12. 

1  neat  ion  ol 
presentation 

Adjacent  to  driver 

Adjacent  to  driver 

Adjacent  to  driver 

Adjacent  lo  driver  or  in 
trunk 

13. 

Determination  of 
section  length 

Counter 

Counter 

t  ar  odometer  or  road¬ 
side  marker 

Car  odometer  or  roadside 
marker 

1-4. 

ln-licld  data  require¬ 
ments  (when  meas¬ 
uring  sections  of 
known  lengths) 

Record  three  readings 

One  reading  at  end  of 
each  section 

Eight  counter  readings 
at  end  of  each  section 
and  reset  counters 

Merely  keep  track  ol  the 
sequence  in  w  hich  the 
sections  are  traversed 

15. 

In-ticld  adjustments 

Nine  required 

Frequent  check  of  dash 
pot  fluid  level 

Frequent  zero  adjust¬ 
ment  recommended— 
requires  vehicle  halt 

None  required 

Id. 

At -home  data  proc¬ 
essing  to  determine 
roughness 

Calculating  VsV  from 
three  readings 

Tabulating  (may  be  done 
in-field) 

Summing  and  tabulating 

Measuring  chart  lengths 
and  tabulating 

17. 

Additional  data 
ohtainahle  from 
record 

None 

None 

Frequency  distribution 
of  roughness  heights 

Approximate  locution  and 
heights  of  roughness  with¬ 
in  sections 

IS. 

Maintenance 

requirements 

Frequent  malfunction 
requiring  repairs 

Frequent  servicing  of 
grease  fittings  and  dash 
pots 

Frequent  polishing  ol 
commutator  to  ensure 

contact 

Minimal 

*M.B.  Phillips  and  Ci.  Swill.  A  Comparison  ofhour  Roughness  Measuring  Systems.  HKR  2d  I  (Highway  Research  Hoard.  I 'Hid). 


and  the  complete  svstem  is  described  by  Rizenbergs 
et  al.” 

Many  parameters — such  as  the  test  vehicle 
dynamic  characteristics,  test  passenger  weight, 
vehicle  load,  and  vehicle  speed — affect  the  accelera- 


MR.L.  Ri/cnhcrgs  cl  id..  Pavement  Roughness;  Measurement 
ami  evaluation.  HRR  471  (Highway  Research  Board,  1973). 
pp  4b-bl 


tion  readings.  Although  some  of  these  parameters 
have  been  standardized,  the  accelerometer  pro¬ 
cedure  has  some  of  the  limitations  of  the  PCA  and 
MRM  roadmeters.  To  accurately  measure  pavement 
roughness  changes  over  several  years,  Kentucky  has 
attempted  to  correlate  each  new  vehicle  with  the 
existing  vehicle  and  also  to  use  reference  surfaces  for 
day-to-day  calibration. 

2.  Absorbed  Power  Meter:  The  power  that  a 
person  absorbs  (or  the  rate  of  flow  of  energy  into  a 
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Figure  31.  Typical  Rainhart  MRM  measurement  record. 


Figure  32.  Kentucky  DOT  automatic  acceleration  measuring  system.  (From  R.L.  Ri/.enbcrgs  cl  al..  Pavement 
Roughness:  Measurement  and  Evaluation.  HRR  471  |Highway  Research  Board.  1973|.  pp  46-61.) 
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person)  when  subjected  lo  vibrations  in  an  automo¬ 
bile  or  aircraft  can  be  determined  by  one  of  two 
methods:  (I)  direct  measurement  of  the  absorbed 
power  w  ill)  an  absorbed  power  meter,  or  (2)  calcula¬ 
tion  ol  absorbed  power  from  acceleration  ' frequency 
information. 

I  he  I  M'OM  Absorbed  Power  Meter  is  a  portable 
ekemmic  iminino)i  osxMMiujtDr  the  nicier.  which 
contains  the  electronics  and  input/output  connec¬ 
tions.  a  power  supply,  and  an  accelerometer  which 
can  be  placed  beneath  the  test  passenger  or  in  any 
position  desired.  Lins  describes  this  instrument  in 
detail.100  Other  absorbed  power  meters,  developed 
bv  Swit/er  of  WF.S,101  include  the  ability  to  measure 
absorbed  power  from  three  axes.  WES  is  currently 
studying  the  usage  and  measurement  of  absorbed 
power. 

The  method  of  computing  absorbed  power  from 
aceeleration/frequeney  records  for  a  pavement  pro¬ 
file  is  also  described  bv  Lins.  Agreement  between  the 
two  methods  is  excellent  according  to  Swit/er. 

.S/o/ic  Variance  Mcasttrcn  cut 

Slope  variance  can  be  determined  from  actual 
profile  elevation  data,  or  measured  directly  w  ith  the 
CHLOK  prolilometer.  This  profilometer  was  devel¬ 
oped  by  the  AASHO  Road  Test  staff  to  enable  slope 
variance  lo  be  obtained  more  easily  than  was 
possible  with  the  AASHO  longitudinal  profilom¬ 
eter  102  Profile  slope  is  measured  by  the  change  in 
ovgk  liwwn  two  reference  Two  ruaei- 

lollowing  wheels  about  *)  in.  apart  form  one  refer¬ 
ence  line.  I  lie  other  line  is  determined  by  a  20-ft 
long  member  supported  by  a  trailer  hitch  on  the 
hack  of  a  towing  vehicle  and  a  wheel  which  supports 
the  rear  end  of  the  member.103  Slope  variance  is 
determined  from  the  measured  slopes  along  a 
specific  pavemen'  section. 


'■  "  t  I  -ns.  Il'iintm  Wbruuun  Response  Measurement.  I  wh 
ni.il  Report  N  II  "SI  n  s  Army  Tank— Automotive  Com 
m.iiul  |0",V| 

l“'<  i.  Su  ic/ci  .  I’rnalc  Communication.  WES  11974). 

I  hr  AASIK)  Road  lest  Hr  port  5 — Pavement  Research. 
Sp.  1 1  I  Ki  port  t  I  t  (Itipliu  iv  Research  Board,  l%2). 

101 W  K  Hiulvon.  W.h.  ieske.  Karl  H.  Dunn,  and  E.B, 
Spangler  Slaw  ol  I  hr  An  «/  Pavement  Condition  Evaluation. 
Special  Report  9S  (Highway  Research  Board.  1968). 


The  CHLOF.  profilometer  has  good  repealahililv 
and  correlates  fairly  well  with  subjective  panel 
ratings.104  However,  the  device  has  serious  limita¬ 
tions:  it  will  not  measure  wavelengths  longer  Ilian 
the  space  between  the  two  road-lollowing  wheels;  its 
test  speed  is  eittiy  VS  mpfv,  it  rapines  imptent 
repairs;  and  it  is  sensitive  lo  surface  texture,  requir¬ 
ing  adjustments  of  serviceability  equations  when 
ptiivuicmv  with  large  surface  tcxuierv  «r  encuun- 
tered.105  Table  2  compares  the  operational  charac¬ 
teristics  of  the  CHLOF  prolilograph  and  three  other 
devices. 

Roughness  Summary 

Several  indicators  ar<'  available  to  characterize 
pavement  roughness;  roughness  index,  slope  vari¬ 
ance.  profile  wavelength  amplitude  characteristics, 
acceleration,  absorbed  power,  and  human  subjective 
evaluation  have  been  defined  here. 

Several  types  ol  equipment  and  methods  are  avail¬ 
able  to  measure  these  indicators.  1  lie  question  which 
must  he  answered  is  which  roughness  indicators  and 
equipment  systems  provide  the  most  tiselul  infor¬ 
mation  for  a  specific  purpose. 

There  are  several  important  reasons  for  character¬ 
izing  roughness  of  a  pavement: 

1.  To  control  initial  pa veircnt  smtinthnw*  during 
construction. 

2.  To  gather  historical  pavement  roughness  data 
ferratin  vmfymg  wr  dCTdtrpitrg  design  procedures 
or  developing  pavement  deterioration  models. 

3.  To  determine  priority  rehabilitation  and  main¬ 
tenance  needs  relative  to  pavement  roughness,  for 
inventory  purposes. 

4.  To  determine  it  the  limiting  liricti  m.il  lomth 
mss  condition  of  a  pavement  has  been  reached  anti 
locate  areas  ol  excessive  roughness  lot  possible 
repair. 


134M.B.  I*h  it  lips  and  <>.  Swill.  A  Comparison  ol  I  our  Rough 
ness  Measuring  Systems.  HRR  241  (Highway  Rise, trill  Hoard. 
I9h9). 

W5E.H.  Scrivnir.  A  Modification  o/  the  AASHO  Hood  l,\t 
Sen'tceahtlity  Index  Formula,  'technical  Report  No.  I  (lesas 
I raiisporlatinn  Institute.  196.1). 
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Ihe  type  of  pavement  being  considered  is  also 
important  in  determining  the  appropriate  roughness 
indicator  and  measurement  equipment.  A  highway 
pavement  might  he  a  local  road  or  street  with  rcla- 
lively  low  speeds,  or  a  primary  highway  with  rela- 
lively  high  speeds.  An  airfield  pavement  might  be  a 
runway  where  very  high  speeds  must  he  considered, 
or  a  taxiway  whit  lower  speeds.  The  selection  of 
specific  roughness  indicators  should  therefore  con¬ 
sider  ll)  the  purpose  of  the  measurement.  (2)  the 
function  and  type  of  pavement,  and  (.1)  availability 
of  funds  and  the  cost  of  the  equipment  system. 
Allhough  il  is  beyond  Ihe  scope  of  this  report  to 
make  detailed  recommendations  for  each  of  these 
conditions.  Tables  .1  and  4  summarize  tentative 
recommendations  for  various  pavement  types  and 
measurement  objectives. 

Table  3 

Tentative  Kecommendatloni  for  Uk of  Roughnew  Indicator! 


Objective  of  Measurement 

Long-Term  Inventory  and 
Roughness  Construction  Monitoring  Maintenance 

Indicator  Control  of  Pavement  Needs 


1  Roughness 

*y  NA 

y  na 

A/NA 

Index 

Md|H' Variance 

NA  NA 

u  NA 

y/NA 

'  Wavelength 

A  A 

A  A 

A  A 

Amplitude 

1  Aarlui  al  toil 

0  U 

A  A 

A  A 

Ahsoilu  tl  INmi'i 

O 

A  A** 

A /A** 

i'  S(ih|i\  1 1\ v 

NA  NA 

U  0 

A/y 

I  \  alil.it  toll 


Huliii)!  Svmhnh 

A  Acceptable 
y  (Jiieslionohlc 
NA— Not  Acceptable 
•Highways  Airfields 

♦♦Has  not  vet  been  completely  developed,  but  appears  promis¬ 
ing. 


SKID  RESISTANCE  EVALUATION  AND 
MEASUREMENT  STATE  OF  THE  ART 

Introduction 

Skid  resistance  is  the  force  that  resists  the  sliding 
ol  tires  on  a  pavement  when  they  are  prevented  from 
rotating.  This  force  depends  on  many  variables  such 
as: 


2.  Tire  tread  (pattern  and  amount  of  wear) 

.1.  Speed  at  which  sliding  occurs 

4.  Water  depth  on  surface 

5.  Tire  inflation  pressure 

b.  Load 

7.  Temperature 

Dynamic  hydroplaning  is  a  phenomenon  that 
oeuirs  with  high  waler  depth  and/or  speed  on  the 
pavement.  Although  water  depth  is  the  most  signifi¬ 
cant  variable.  Ihe  speed  at  which  hydroplaning 
occurs  for  a  given  water  depth  is  dependent  on  the 
rest  of  the  variables  mentioned  above. 

Viscous  hydroplaning  occurs  when  the  surface  is 
contaminated  with  a  thin  film  of  w  ater,  oil.  or  other 
slippery  material.  Ibis  phenomenon  does  not 
depend  on  the  water  depth  and  can  be  minimized  by 
keeping  the  surface  clean. 

The  problem  of  skidding  is  becoming  increasingly 
important  on  runways,  because  of  the  improved 
performance  and  higher  landing  speeds  of  aircraft. 
Figure  33  shows  the  annual  increase  in  accidents  due 
to  hydroplaning  experienced  by  the  U.S.  Air  Force. 


Figure  33.  Reported  U.S.A.F.  hydroplaning  acci¬ 
dents  (by  permission  of  U.S.A.F.). 


Although  pavement  surface  condition  is  only  one 
of  the  variables  that  contribute  to  skidding,  it  is 
significant  and  should  be  maintained  at  acceptable 
levels.  In  a  study  of  skidding  resistance  of  wet  run¬ 
way  surfaces.  Lander  et  al.  conclude  the  follow  ing: 


A  study  ill'  the  effects  of  surface  texture,  loud,  inflation 
pressure  and  tire  wear  of  aircraft  tires  under  wet  conditions 
lias  show  n  that  it  is  the  surface  texture  of  the  runw  ay  which 


I .  I’avcmonl  surface  texture  condition 
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Tabic  4 

tentative  Recommendations  of  Houghnei*  Indicators  and  Kqulpmenl  for  Determining  Maintenance  Needs 


Highways _  _ Airfields 


Roughness  Indli  alar 

Kquipment 

Lwil  Rondo 
h  Streeto 

Primary 

Highway 

Runways 

Taxlwayi 

1  Uou^lnuss  Imln 

BPK 

P 

P 

NA 

NA 

PCA 

HA 

HA 

NA 

NA 

MRM 

HA 

IIA 

NA 

NA 

SDP 

P 

P 

P 

P 

i.i:vi:i. 

NA 

NA 

P 

P 

RSI 

P 

P 

NA 

NA 

RRI. 

P 

I* 

P 

P 

Slnpi'  \  .Il'I.llliV 

<111.01 

P 

I* 

NA 

NA 

profh.i: 

|» 

P 

NA 

NA 

1.  W.neletiglh  Amplitude 

SDP 

P 

HA 

A 

A 

AIP 

P 

A 

IIA 

HA 

I.ASAR 

P 

P 

A 

A 

11  VII 

P 

P 

A 

P 

•1  Acceleration 

KAC 

A 

A 

NA 

NA 

ACC 

A 

.  A 

A 

A 

S  Absorbed  Power 

APM 

0* 

0* 

0* 

Q* 

ti.  Sub|ecti\c 

PA  NFL 

A 

A 

0 

0 

KuWiu  Svmhnh 
HA  Highly  acceptable  usage 
A  Acceptable  usage 

I'—  Possible  hoi  nut  desirable  usage  (high  cost  is  generally  the  reason) 

(J  Otiesl  Finable  usage 
NA  Nol  acceptable  usage 

I  (iiiiiinii  iii  (  m lc 

HPK  liureati  of  Public  Koads  Roughonieler 

PI  A  Portland  Cement  Association  Roughonieler 

MI\M  Mavs'  Rule  Meter 

SIX’  Surla.e  Dynamics  Prolilomeler  (Texas) 

I  I  V  I  I.  Precise  l.evel 

RSI  Rolling  Straightedge  Prolilograph 

RRI  —  Road  Research  Laboratory  Profilog. aph 

C  III  ( >1  -Slope  V  ariance  Prolilograph 

I’ROI  II  I  -  Slope  Variance  Calculated  Front  Profile 

VIP  AFWI  Inertial  Prolilomeler 

IASAR  AI  W|  I.asar  Prolilomeler 

KA(  Kentucky  Accelerometer  Kquipmcnt  #> 

APM  •  Absorbed  Power  Meter 
\CC  Accelerometers 

PANIT.  -  Rating  Panel 

•Has  not  set  been  completely  developed,  but  appears  promising. 
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i\  i mi-  n|  tin  in. mi  l.iilnis  llul  iiilliu'iiics  biiik iii|4  pcrlnriii 
mu'  ii  .iImi  .kii  iimin's  i lu*  ik'nriT  ol  iiilliienic  of  other 
i , iv  tors  •-ii.li  .is  vi .ti  r  tli'pili  .uni  i n  oil  putlern  on  braking 
piil  i iii.iiii i-.1"1 

\  tmi.il  question  lor  die  pavement  engineer  is 
i lu  skill  level  nl  which  the  surface  should  he  main- 
1, lined  io  provide  a  safe  skid  resistance.  In  order  to 
develop  a  relationship  between  surlaee  condition  and 
'kid  resist. nice,  il  is  necessary  in  standardize  the 
oiner  variables.  I  he  next  sections  deal  with  methods 
lor  measuring  skid  resistance  of  pavements,  the 
etleet  of  .ome  of  the  variable's  on  skid  resistance,  and 
the  correlations  between  various  skid-resistance 
measuring  methods. 

Methods  for  Measuring  Skid  Resistance 

Friction  is  a  Ibree  which  always  opposes  motion. 

I  he  coefficient  of  IVicdon  is  defined  as  the  ratio 
between  the  frictional  force  in  the  plane  of  interface 
atui  die  force  normal  to  the  plane.  In  the  field  of 
pavements  t  he  coefficient  of  friction  is  referred  to  as 
mi  “friction  laefor,"  I  --h  i.,  where  F  is  the  fric¬ 
tional  loree  and  I.  is  the  normal  load.  The  friction 
laetor  depends  on  many  variables  other  than  the 
pavement  itself — such  as  tire  pressure,  thickness  of 
.•.iter  lilm.  speed,  etc.  I  o  determine  a  friction  value 
associated  with  the  pavement  surface,  it  is  necessary 
in  standardize  these  variables. 

Betore  any  of  the  methods  of  measuring  skid 
resistance  are  described,  il  is  important  to  under¬ 
stand  the  two  basic  characteristics  of  the  pavement 
surface  which  influence  its  frictional  capabilities: 
texture  and  drainage.  Surjuee  texture  can  be  defined 
in  lerms  of  mierotexture  and  macrotexture.  A  nticro- 
icMtiro  i‘- what  makes  an  aggregate  smooth  or  rough 
tv>  I  he  touch  Its  contribution  to  friction  is  through 
adhesion  with  the  tire.  The  macrotexturc  is  the  result 
ot  the  shape,  si/e.  and  airangemcnl  of  the  aggre¬ 
gates  (lot  ilcxihle  pavements),  or  the  surface  finish 
t:t»r  concrete  surfaces).  Mnerotexiure's  contribution 
to  skiu  resistance  is  through  developed  hysteresis  due 
to  the  tire  deformation:  the  hysteresis  reflects  a  loss 
m  the  moving  vehicle  kinetic  energy  and  thus  helps 
i lie  vehicle  to  stop.  Figure  34  is  a  schematic  diagram 


'"'  I  I  VV  Limiter  mil  I  .  Williams.  The  Skidding  Resistance  of 
l  IV/  Humuiy  .S'iir/i/cci  with  Ketereme  in  Surface  Texture  and 
I  we  <  imditinir  Road  Research  Laboratory,  RRL  Report  LR  184 
iVtiiiiSlrv  nl  Iranspori.  I  ni’lamt.  1%8|. 
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Figure  34.  Generalized  representation  of  eoeftieient 
of  friction  between  a  steel  sphere  and  rubber  as  a 
function  of  sliding  speed.  (From  Skid  Resistance, 
NC'HRP  Synthesis  of  Flighway  Practice  No.  14 
1 1 972| . ) 

of  the  contribution  of  mierotexture  and  macro- 
texture  to  the  friction  factor.  At  low  speed  friction  is 
due  mainlv  to  adhesion  (niicrotexturc)  At  high 
speed.  thi  contribution  of  hysteresis  heei.mes  more 
signilieanl.  A  pavement  that  is  covered  with  a  thin 
film  of  lubricant  would  provide  only  hysteresis. 

Drainage  is  another  significant  characteristic  of 
the  pavement  surface.  Gn  dry  pavements  the  avail¬ 
able  skid  resistance  s  usually  sufficient  to  meet  any 
requirement.  On  wet  pavements,  a  good  drainage 
system  provides  channels  for  the  water  to  escape, 
allowing  contact  between  the  lire  and  the  pavement. 
The  effectiveness  of  a  drainage  system  can  be  evalu¬ 
ated  by  applying  water  to  the  pavement  and  measur¬ 
ing  the  friction  factor  immediately  after  the  applica¬ 
tion  and  at  intervals  afterward  to  study  the  increase 
in  friction. 

There  are  several  methods  for  measuring  the 
friction  factor  of  a  pavement. 

Trailer  Methods 

I.  Locked- Wheel  Mode:  Trailers  with  one  or  two 
wheels  arc  towed  at  a  given  speed.  The  test  wheel  is 
then  locked  and  water  is  applied  in  front  of  it.  After 
the  test  wheel  has  been  sliding  on  the  pavement  for  a 
certain  distance  to  stabilize  the  temperature,  the 
friction  force  in  the  tire  contact  patch  is  recorded  for 
a  rpecitied  period  ol  time.  The  results  are  reported 
as  Skid  Number  (SN)  where: 

SN  =  100*  friction  laetor. 
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Figure  35.  Typical  road  friction  testers.  (From  Skid  Resistance.  NCHRP  Synthesis  of  Highway  Practice  No.  14 
|I972|.) 


In  order  to  minimize  the  variability  of  the  results,  a 
standard  tire  specified  in  ASTM  Method  E274  is 
used.  Figure  35  is  a  photograph  of  typical  locked- 
wheel  skid  trailers. 


2.  Slip  Mode:  Slip  is  defined  as 


w0-w 

S  =  100-°.- 

wo 


where  W()  =  angular  w  heel  speed  at  free  rolling 

W  =  angular  wheel  speed  at  the  time  of 
measurement. 

If  the  brake  is  applied  on  a  straight-moving  wheel, 
the  slip  increases  until  it  reaches  100  percent  when 
the  wheel  is  locked.  The  friction  factor  increases  with 
increasing  slip  until  it  reaches  a  maximum  value, 
I’max-  at  ‘‘critical  slip,"  and  starts  to  decrease 
until  the  wheels  are  locked  (Figure  36).  The  critical 
slip  and  the  ratio  fmax/f|ock  are  functions  of  the 
surface  texture  and  temperature;107  therefore  they 
can  be  obtained  only  by  appropriate  measurement. 
Figure  37  shows  the  effect  of  surface  texture  on  the 
rutio  Iniax^lock- 

The  critical  slip  phenomenon  is  very  important 
since  it  indicates  that  the  maximum  friction  does  not 
occur  when  the  wheels  are  locked,  but  rather  in  the 
range  of  10  to  15  percent  slip.  This  has  brought 
about  the  automatic  brake  control  systems  which  are 
used  on  most  aircraft. 


w' Skill  Resistance.  NCHRP  Synthesis  of  Highway  Practice  No. 
14  (1972). 


Figure  36.  Friction  factor  as  function  of  slip  (wheel 
moving  in  direction  of  wheel  plane  while  being 
braked).  (From  Skid  Resistance,  NC!JRP  Synthesis 
of  Highway  Practice  No.  14  [1972}.) 

More  than  one  type  of  equipment  is  available  for 
measuring  skid  resistance  in  the  slip  mode.  Figure 
38  is  a  photograph  of  the  equipment  used  by  the 
Federal  Aviation  Administration,  which  features  an 
adjustable  slip  so  that  the  friction  test  can  be 
performed  at  the  critical  slip  for  a  given  surface. 

3.  Yaw  Mode:  The  yaw  mode  is  a  method  of 
measuring  the  sideway  friction  factor  by  turning  the 
test  wheel  (unbraked)  to  an  angle  with  the  direction 
of  motion  (yaw  angle).  Since  the  sideway  friction 
factor  varies  with  the  magnitude  of  the  yaw  angle  as 
shown  in  Figure  39,  it  is  Ovsirable  to  perform  t  te 
testing  at  a  yaw  angle  at  which  the  friction  factor 
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Figure  37.  Ratio  of  maximum  and  locked-wheel 
friction  factors  at  40  mph  on  various  wet  surfaces. 
(From  Skid  Resistance.  NCHRP  Synthesis  of  High¬ 
way  Practice  No.  14  [19721.) 


Figure  39.  Typical  sideway  friction  factor  vs  yaw 
angle  relationships  for  two  wet  pavements  (A  and  B). 
(From  Skid  Resistance,  NCHRP  Synthesis  of  High¬ 
way  Practice  No.  14  [1972].) 


Figure  38.  Runway  friction  tester  with  adjustable  slip.  (From  Skid  Resistance,  NCHRP  Synthesis  of  Highway 
Practice  No.  14  [1972].) 
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becomes  insensitive  to  small  changes.  A  commer¬ 
cially  available  trailer  tor  that  purpose  is  the  Mu- 
Meter,  which  was  developed  in  England  and  uses 
two  smooth  tires  yawed  at  equal  and  opposite  angles 
(7'/j  degrees)  (Figure  40a).  The  U.S.  Air  Force  is 
currently  using  it  to  make  measurements  at  40  mph 
(Figure  40b). 

A  more  sophisticated  machine  for  measuring  side¬ 
way  friction  is  the  SCRIM  (Sideways-Force  Coeffi¬ 
cient  Routine  Investigation  Machine),  which  was 
developed  by  Britain's  Transport  and  Road  Re¬ 
search  Laboratory  and  manufactured  under  license 
by  W.D.M..  Ltd101  (Figure  41).  The  vehicle  carries 
the  necessary  water  supply,  which  is  spread  in 
advance  of  the  test  wheel.  The  test  w  heel  is  mounted 
70  degrees  to  the  direction  of  motion  of  the  vehicle 
(Figure  41b),  and  can  be  lifted  clear  of  the  road 
when  not  in  use.  The  machine  measures  the  sideway- 
force  coefficient  (SFC),  which  is  expressed  as 
follows: 

_ sideway  force 

vertical  reaction  between  tire  and  road  surface 
SCRIM  has  the  capability  of  continuous  recording 
and  allows  for  high  operating  speeds  (more  than 
40  mph). 

,0,W.D.M.  Untiled.  SCHIM.  Information  Bmckurv  (Western 
Works,  Staple  Hill.  Bristol  BSIh.  4NX.  Great  Britain.  1972). 


Figure  40a.  Diagrammatic  layout  of  Mu-Meter. 
(From  Measurement  of  Runway  Friction  Character¬ 
istics  on  Wet,  Icy,  or  Snow-Covered  Runways,  Re¬ 
port  No.  FS- 160-65-68-1  Federal  Aviation  Adminis¬ 
tration  [Department  of  Transportation.  1971). ) 


Figure 40b.  Mu-Meter  used  by  U.S.A.F. 
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(a) 


SIDEWAY  FORCE 


Figure  41.  Sideways-Force  Coefficient  Routine  Investigation  Machine.  (From  W.D.M.  Limited,  SCRIM, 
Information  Brochure  (Western  Works,  Staple  Hill.  Bristol  BS16,  4NX,  Great  Britain,  1972].) 
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One  of  the  problems  with  using  automobiles  for 
skid  measurements  is  the  possibility  of  accidents 
during  testing.  Since  the  braking  of  all  four  wheels 
increases  likelihood  of  a  spin-out,  it  is  best  to  brake 
only  the  front  wheels  or  a  diagonal  pair  of  wheels. 
Figure  42  shows  the  braking  system  for  the  Diagonal- 
Braked  Test  Vehicle  (DBV)  developed  by  NASA. 
Figure  43  is  a  photograph  of  the  DBV  used  by  the 
U.S.  Air  Force.  Its  diagonally  braked  wheels  are 
equipped  with  ASTM  bald-tread  tires  (ASTM-E249) 
and  the  unbraked  wheels  are  equipped  with  conven¬ 
tional  tires.  The  skid  resistance  indicator  used  with 
this  vehicle  is  the  ratio  between  wet  and  dry  stopping 
distance  when  the  diagonal  wheels  are  braked  at 
60  mph. 


0  VALVE  CLOSED, BRAKES  CANNOT  BE  ACTUATED 
O  VALVE  OPEN,  BRAKES  CAN  BE  ACTUATED 

Figure  42.  Praking  system  for  NASA  diagonal- 
braked  test  vehicle. 


f-W 

*  . 


Figure  43.  Diagonally  braked  vehicle  (DBV)  used  by  U.S.A.F. 
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Another  automobile  method,  which  was  used  by 
the  Air  Force  on  snow-  or  ice-covered  pavements,  is 
the  Runway  Condition  Reading  (RCR).  RCR 
numbers  are  obtained  by  making  maximum  braking 
measurements  on  the  runway  at  20  to  30  mph.  with 
an  airport  ground  vehicle  employing  a  James  brake 
decclcromcler. 109 

There  are  several  other  testing  methods  which  use 
vehicles,  one  of  which  is  ASTM  Method  E445-7IT. 

Portable  PielJ  ami  Laboratory  Methods 

Portable  Held  machines  can  be  moved  easily  to 
different  locations.  One  of  the  available  devices  is 
the  Keystone  Tester  developed  by  Pennsylvania  State 
University,  which  employs  a  rubber  shoe  that  slides 
along  the  pavement  as  the  operator  "walks"  the 
tester  (Figure  44). 

Another  example  of  a  portable  field  tester  is  the 
California  Skid  Tester  (Figure  45).  which  operates 
on  the  principle  of  "spinning  up  a  rubber-tired  wheel 
while  it  is  off  the  ground,  lowering  it  to  the  pave¬ 
ment.  and  noting  the  distance  it  travels  against  the 
resistance  of  a  spring  before  it  stops."110  1  he  towing 
vehicle  is  stationary  during  the  test  and  glycerine, 
rather  than  water,  is  the  pavement  lubricant. 

Although  there  arc  numerous  devices  for  measur¬ 
ing  friction  in  the  laboratory,  their  applicability  for 
measuring  runway  skid  resistance  is  rather  limited. 
One  of  the  most  common  laboratory  devices  is  the 
British  Portable  Tester  developed  by  the  British 
Road  Research  Laboratory  (Figure  46).  It  consists  of 
a  rubber  shoe  attached  to  a  pendulum,  which  slides 
over  a  sample  of  the  surface  under  study.  The 
method  of  testing  is  described  unde  ASTM  Method 
T303.  The  results  are  reported  as  British  Pendulum 
Numbers  tBPN). 

Text  lire  Identification  Methods 

There  arc  several  methods  available  for  measuring 
the  texture  of  a  pavement  surface,111  but  no  success- 

10,.-t  (iimpnrison  <1  Aircraft  and  Ground  Vehicle  Stopping 
Pei  tnrmance  on  thy.  Wei.  Flooded.  Slush,  Snow,  and  Ice 
( in  ered  Runways.  NASA  'I  L-clinical  Note  D-<>098  (1970). 

U0.SkiJ  Resistance.  NC  HRI’  .Synthesis  of  Highway  Practice  No, 
I  t  1 1 977) 

,,lSkid  Resistance 


ful  correlation  has  been  developed  between  any  ot 
these  individual  measurements  and  skid  resistance. 
However,  Schonfeld,  using  stereophotographic  tech¬ 
niques,  developed  a  texture  code  which  he  showed  to 
be  correlated  with  skid  resistance  measured  by  the 
AS  TM  skid  trailer.112  To  do  this,  he  obtained  color 
stereophotographs  of  approximately  6x6  in.  sec¬ 
tions  of  the  pavement  surface  and  identified  seven 
texture  features:  the  height,  width,  angularity, 
density  and  fine  texture  of  the  projections;  and  the 
fine  texture  and  percent  of  cavities  of  the  back¬ 
ground  (Figure  47).  He  then  assigned  a  scale  and 
weighting  function  to  each  feature  in  order  to  corre¬ 
late  the  results  with  measured  skid  resistance. 

Effect  of  Individual  Variables 
on  Skid  Resistance 

As  mentioned  earlier,  skid  resistance  evaluation  is 
complicated  by  the  many  variables  that  contribute  to 
the  friction  value.  The  proper  way  to  determine  the 
relative  significance  and  possible  interactions  of  each 
variable  is  through  a  factorial  experiment.  However 
there  is  at  present  no  one  experiment  that  includes 
all  the  variables.  The  following  sections  summarize 
studies  on  the  effects  on  skid  resistance  of  traffic  and 
seasonal  variations,  vehicle  factors  (speed,  tire  pres¬ 
sure.  wheel  load,  and  tire  tread),  and  pavement 
factors  (surface  characteristics  and  drainage). 

Traffic  and  Seasonal  Variations 

Two  pavement  sections  built  at  the  same  time  may- 
have  different  friction  coefficients  because  they  have 
been  subjected  to  different  traffic.  As  the  traffic  rolls 
over  the  pavement,  polishing  of  the  surface  micro¬ 
texture  takes  place.  Wear,  dislocation,  and/or  re¬ 
orientation  of  aggregates  may  also  occur — especially 
under  heavy  traffic.  In  general,  skid  resistance 
deteriorates  with  increasing  traffic  until  it  reaches  a 
level  of  equilibrium.  There  is  no  one  specific  value  at 
which  it  levels  off.  Due  to  seasonal  variations  of  skid 
resistance  (see  Figure  48)  there  can  be  only  a  mean 
equilibrium  value,  which  is  a  function  of  traffic  and 
surface  characteristics.  Figure  49  illustrates  the 
effect  of  traffic  on  skid  resistance,  showing  the  side¬ 
way  friction  factor  for  six  different  locations.  Al¬ 
though  all  six  pavement  sections  had  the  same  type 
of  surface  course  and  were  installed  at  the  same 


1I!R.  Schonfeld.  Photo  Interpretation  of  Skid  Resistance.  HRK 
.111  (Highway  Research  Board,  1970). 
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Figure  44.  Keystone  MARK  IV  skid  resistance  tester.  (From  Skid  Resistance. 
NCHRP  Synthesis  of  Highway  Practice  No.  14  [1972).) 


Figure  45.  California  Portable  Skid  Tester.  (From  Skid  Resistance,  NCHRP  Synthesis  of  Highway  Practice  No. 
14  [1972].) 


55 


Figure  46.  British  Road  Research  Laboratory’s  pendulum  friction  tester  (British  Portable  Tester).  (From  Skid 
Resistance,  NCHRP  Synthesis  of  Highway  Practice  No.  14  [1972].) 
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PROJECTION 


Figure  47.  Components  of  surface  texture  as  identified  by  Schonfeld.  (From  R.  Schonfeld,  Photo  Inter¬ 
pretation  oj  Skid  Resistance.  HRR  311  (Highway  Research  Board.  197()|.) 


Figure  48.  Seasonal  change  of  skid  resistance.  (After 
Skid  Resistance.  NCHRP  Synthesis  of  Highway 
Practice  No.  14  |1972|.) 


Figure  49.  Deterioration  of  skid  resistance  with 
exposure  to  traffic.  (After  Skid  Resistance.  NCHRP 
Synthesis  of  Highway  Practice  No.  14  [  1 972].) 


time,  they  were  subjected  to  different  traffic 
volumes.  The  daily  traffic  shown  for  each  location  is 
the  average  over  a  3-year  period.  It  is  reported  from 
the  study111  that  the  skid  resistance  had  stabilized  at 
all  locations  after  2  years.  The  figure  indicates  there 
is  a  belter  correlation  with  the  number  of  trucks 
(heavy  traffic)  than  with  the  total  number  of  vehicles. 
Figure  50,  from  a  different  study  reported  in  the 
same  reference,  illustrates  the  fact  that  skid  rcsist- 


Figure  50.  Loss  of  skid  resistance  of  two  pavements 
as  a  function  of  traffic  exposure.  (From  Skid  Resist¬ 
ance.  NCHRP  Synthesis  of  Highway  Practice  No.  14 
119721) 

ance  reaches  a  mean  equilibrium  value  after  many 
applications  of  traffic. 

Vehicle  Factors 

1.  Speed:  In  general,  the  friction  coefficient 
decreases  with  increase  in  speed.  It  has  been  found 
that  on  dry  pavement  surfaces,  the  friction  factor 
changes  very  little  with  change  in  speed;  however,  on 
wet  surfaces  the  decrease  is  significant.114  In  the 


"’Skid  Kesistancr.  NCHKI’  Synthesis  of  Highway  Practice  No. 
14  11472). 

114M.  Tomita.  Friction  Coefficients  Between  Fires  uml  Pave¬ 
ment  Surfaces,  Technical  Report  R.tO.'i  (U  S.  Naval  Civil  Engi¬ 
neering  Laboratory.  I%4). 
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same  reference.  it  was  reported  that  studies  in  l%() 
In  the  Ministry  ot  Aviation,  using  an  instrumented 
aircraft,  "showed  that  the  friction  coefficients  on  wet 
concrete  pavement  decreased  rapidly  with  increasing 
speed  from  zero  to  about  5(1  or  h()  knots  (57.5  to  04 
nipltl.  However,  at  speeds  above  HO  to  I ( K)  knots  (l>2 
to  1 1 5  nipltl.  the  Irieliou  eoelticienls  tended  to  in- 
crcitse  slightly  with  increase  in  speed. "m  I  lie  slight 
increase  in  the  friction  coefficients  at  high  speed  was 
attributed  to  the  creation  of  wing  lift,  which  caused 
differences  in  the  vertical  loads  and  tire  pressures  in 
the  measuring  technique  employed,  figures  51  and 
52  show  the  change  in  friction  with  speed  tor  con¬ 
crete  and  asphalt  pavements  under  dry  and  wet  con¬ 
ditions.  As  mentioned  earlier,  on  dry  surfaces  the 
t fiction  factor  changes  only  slightly  with  speed. 
However,  this  may  not  be  the  ease  for  asphalt 
surfaces  if  bleeding  occurs  (Figure  55). 116 

2.  I  ire  Pressure:  Fspcrimcnts  have  shown  that 
tor  a  given  wheel  load,  an  increase  in  tire  pressure 
wifi  cause  a  -kvreasc  its  friefMt  e*vt¥vc*e'-M  t  Figure 
54). 117  This  can  be  attributed  to  the  increased  area  of 
contact  at  low  inflation  pressure-  the  heat  created 
by  skidding  or  deceleration  is  distributed  over  a  large 
area,  which  results  in  a  cooler  tire  and  a  high  friction 
coellieient. 

5.  Wheel  Load:  Studies  using  varying  wheel  loads 
have  show  n  that  the  friction  coefficient  decreases  as 
the  wheel  load  increases  (Figure  55). 118  One  of  the 
explanations  for  such  a  phenomenon  is  that  the  in¬ 
crease  in  wheel  load  causes  a  decrease  in  the  tire  con¬ 
tact  area  per  unit  load  and  therefore  a  decrease  in 
the  friction  coefficient.  In  contrast,  it  was  also 
reported  that  on  ice.  a  slight  increase  in  friction 
coefficient  occurred  as  the  rear  axle  static  load  was 
increased. 1,9 

4.  lire  I  read:  Trend  design  has  a  significant 
influence  on  braking  effectiveness,  l  ire  grooves  pro¬ 
vide  channels  through  which  water  at  the  tire- 
pavement  interface  can  be  displaced.  At  high  speeds 
or  in  the  presence  of  thick  water  films,  there  is  not 
enough  time  for  the  water  to  be  displaced  and  hydro- 

mM.  I  omita.  Frit  turn  ('oeffuients  Hetween  7 ire\  and  Paw- 
mem  Surftn  r\.  Icelimcal  Report  R.10.1  (IS.  Naval  C  ivil  l.ngi* 
nec-rin^  I  ahuratoi  v .  Ilw>4).  p  25. 
n6M.  Itimita 
l,,M.  Imuita 
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planing  may  occur.  Figure  5b  shows  a  comparison 
between  braking  effectiveness  of  smooth  and  live- 
groove  tires  for  the  440A  aircraft.  NASA  has 
reported  that  calculations  using  the  results  of  this 
experiment  showed  that  the  stopping  distance  of  the 
WO  A  aircraft  with  the  smooth  tires  on  the  wet.  tin- 
grooved  concrete  runway  was  approximately  1 ,5(X)  ft 
more  than  that  required  for  the  aircraft  with  unworn 
live-groove  tires.120 

Pavement  Factors 

F.ssentially  two  pavement  factors  affect  skid  resist¬ 
ance:  surface  characteristics  and  drainage. 

1.  Surface  Characteristics:  This  factor  includes 
the  type  of  surface  binder  (asphalt  or  concrete), 
surface  finish  (texture),  and  aggregate  (more  signifi¬ 
cant  if  asp!  alt  binder  is  used)  Yager  et  al.121  experi 
mented  with  three  groups  of  aircraft  (C- 141  A.  990A. 
and  F-4I))on  the  landing  research  runway  at  NASA. 
The  runway  is  ruittppuvl  of  JvviT  rev  smioUS 
differing  surface  and  composition  characteristics 
(Figure  57).  Ke  ults  for  the  440A  aircraft,  shown  in 
Figure  5H.  indicate  that  grooved  pavement  surfaces 
are  superior  to  the  ungrooved  surfaces. 

Figure  54  shows  a  comparison  of  the  effect  of  two 
different  surface-grooving  configurations  on  the 
braking  efficiency  of  the  C-141A  aircraft  on  a  con¬ 
crete  surface.  One  of  the  configurations  is  a  con¬ 
tinuous  in.  x  in.  *  I  in.  pitch.  The  other  con¬ 
sists  ot  '«  in.  x  '.4  in.  x  2  in.  pitch  grooves  for  2  ft, 
followed  by  2  It  of  ungrooved  surface. 

It  would  he  misleading  to  conclude  from  Figure  58 
that  asphalt  binders  offer  better  skid  resistance  than 
concrete.  Studies  by  other  investigators  did  not  show 
the  same  trend.  Tomita  reported  a  study  performed 
in  Michigan  to  determine  the  effect  of  the  pavement 
type  on  friction  coefficient.122  The  study  covered 
Portland  cement  concrete,  bituminous  concrete/ 
crushed  gravel,  and  bituminous  conerete/crushed 


W0.4  ('nmpansmi  of  Aircraft  and  ( Inntnd  Vehicle  Stopping 
Performance  on  Dry  Wet.  PUun fed.  Slush,  Snow,  and  lev 
(’mrm/  Runways.  NASA  Technical  Note  D-WWH  (1970). 

m.*1  Comparison  of  Aircraft  and  (/round  Vehicle  Stopping 
Performance  on  Dry.  Wet.  Hooded.  Slush.  Snow,  and  Ice 
('overed  Runways 
1,2  M.  Tomita 
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Figure  SI.  Friction  values  on  new  Portland  cement 
concrete  and  in  heavy  oil  slick  on  old  Portland 
cement.  Average  daily  traffic — 9.(XX)  vehicles 
|Moycr.  I959A|.  (Alter  M.  Tomita.  Friction  Coeffi¬ 
cients  Between  fires  and  Pavement  Surfaces  1 1%4|.) 


Figure  52.  Friction  values  on  a  dense-graded  plant- 
mix  asphaltic  surface  constructed  with  partly 
crushed  gravel  aggregate.  Average  daily  traffic — 
1 5. (XX)  vehicles  (Mover,  1959).  (After  M.  Tomita. 
Friction  Coefficients  Between  Tires  end  Pavement 
Surfaces  1 1%4|.  | 
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Figure  S3.  Friction  values  on  asphalt  seal-coat  surface  with  excess  asphalt  contributing  to  bleeding 
in  hot  weather  (Moyer,  1959).  (From  M.  Tomita,  Friction  Coefficients  Between  Tires  and  Pavement 
Surfaces,  Technical  Report  R  303  [U.S.  Naval  Civil  Engineering  Laboratory.  1964].) 


Figure  54.  Comparison  of  friction  coefficient  for  two  types  of  pressure  on  wet  surface  and  one  type  of  pressure 
on  dry  surface.  Portland  cement  concrete  runway.  Anti-skid  braking  throughout.  Gross  weight  18.350  lbs. 
(From  M.  Toniita,  Friction  Coefficients  Between  Tires  anil  Pavement  Surfaces,  Technical  Report  R  303  |U.S. 
Naval  Civil  Engineering  Laboratory,  1%4|.) 


Figure  55.  Effect  of  w  heel  load  on  skid  resistance  of 
wet  Portland  cement  concrete  and  plant  mix  asphalt 
surfaces.  (From  M.  Tomita,  Friction  Coefficients 
Between  Tires  and  Pavement  Surfaces.) 
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Figure  56.  Tire-tread  effects  on  wet  and  puddled 
runways  for  twin-tandem  bogie  arrangements. 
(From  A  Comparison  of  Aircraft  and  Ground 
Vehicle  Stopping  Performance  on  Dry,  Wet. 
Flooded.  Slush,  Snow  and  Ice  Covered  Runways, 
NASA  Technical  Note  D-6098  (1970].) 
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Figure  57.  Landing  research  runway  at  Wallops  Station.  VA.  (From  A  Comparison  of  Aircraft  and  Ground 
Vehicle  Stopping  Performance  on  Dry.  Wet.  Flooded.  Slush,  Snow,  and  Ice  Covered  Runways,  NASA  Tech¬ 
nical  Note  D-6098  [1970].) 
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Figure  58.  Comparison  of  braking  friction  coefficients  on  wet  and  puddled  runways  obtained  from  990A  air¬ 
craft.  (From  A  Comparison  of  Aircraft  and  Ground  Vehicles  Stopping  Performance  on  Dry,  Wet.  Flooded. 
Slush.  Snow,  and  Ice  Covered  Runways,  NASA  Technical  Note  D-6098  |1970|.) 


Figure  59.  Kill'd  of  runway  groove  configuration  on  (  -141 A  aircraft  braking  on  landing  research  runway  at 
NASA  Wallops  Station.  (Krom  A  Conifhirison  of  Aircraft  ami  Ground  Vehicle  Stop/rina  Performance  on  Dry. 
Wet.  Flooded.  Slush.  Snow,  and  lee  Covered  Runways.  NASA  Technical  Note  D-6098  1 |97()|.) 


Figure  61).  Comparison  of  friction-wear  relationship:  Portland  cement  concrete,  and  asphaltic  concrete  with 
gravel  and  limestone  aggregates  |Finney  and  Brown,  1959).  (From  M.  Tomita,  Friction  Coefficients  Between 
Tires  and  Pavement  Surfaces.) 


limestone  (Figure  <>()).  I  he  wear  factor  shown  in  the 
linn  re  was  computed  as  the  product  of  average  daily 
tra I'tiv  volume  per  t  nil  lie  lane  since  construction, 
weighted  for  percent  ol  commercial  traffic,  divided 
l>v  I, (KM),  and  multiplied  by  the  age  of  the  project  in 
years.  Based  on  the  results  shown  in  Figures  58-bO, 
nodelinite  conclusion  can  he  draw  n  about  the  effect 
of  the  type  of  hinder  on  skid  resistance. 

2.  Drainage:  Good  drainage  conditions  allow  the 
pavement  surface  to  recover  its  dry  skid  resistance 
characteristics  shortly  after  wetting.  In  its  runway 
skid  resistance  survey,  the  IJ.S.  Air  Force  examined 
drainage  conditions  using  the  above  concept.113  A 
water  truck  applied  water  to  the  surface  in  two 
passes,  with  the  truck  calibrated  so  that  each  pass 
placed  0.1  in.  of  water  on  each  2,000  ft  of  the  test 
strip.  The  “zero"  water  time  was  the  time  the  water 
truck  passed  the  midpoint  of  the  test  section  during 
the  second  water  pass.  Figure  bl  shows  the  effect  of 
limc-after-woiting  on  changes  in  sideway  friction  as 
measured  by  the  Mu-Meter,  and  on  the  stopping 
distance  ratio  as  measured  by  the  DBV.  These 
graphs  demonstrate  the  natural  drainage  character¬ 
istics  of  the  runw  ay  surface  and  the  time  required  for 
the  skid  resistance  to  return  to  a  dry  pavement  con¬ 
dition. 

Correlation  Between  Friction  Measurements 

Front  the  previous  discussion,  it  is  clear  that  a 
one-to-one  correlation  should  not  be  expected 
between  two  different  skid  testers.  Each  tester  meas¬ 
ures  a  different  aspect  ol  the  developed  friction 
based  on  mode  of  operation,  speed,  water  applica¬ 
tion.  and  so  forth.  For  example,  performing  the 
measurement  at  a  low  speed  w  ill  give  a  friction  factor 
which  is  caused  mainly  by  the  mierolexturc  compo¬ 
nent  of  the  surface  (Figure  34).  In  order  to  compare 
testers,  measurements  must  be  made  under  compa¬ 
rable  conditions. 

Mu-Meter  vs  Skid  Trailer 

Field  tests  using  the  Soiltest  ML-4(X)  Mu-Meter 
friction  recorder  and  the  Texas  Highway  Depart¬ 
ment  research  skid  trailer  showed  that  the  instru¬ 
ments  compared  favorably  when  test  conditions  were 


m(i.l).  Hulletiline  iiml  l’.\ .  Compton,  t’riierduren  /nr  Our 
tlm  tniH  the  Air  hirer  Wea/uun  I  uhtirtitun  Slandurd  Skid  Resist- 
utter  lest  (AFW|  .  1‘T.t) 


the  same  (Figure  b2). 1,4  The  data  were  obtained  by 
('Iterating  both  instruments  with  smooth  tires  al  24 
psi  lire  pressure,  and  having  the  pavement  welted  by 
a  water  truck.  The  graph  shows  a  good  correlation 
between  the  instruments,  although  it  is  not  1:1.  The 
Mu  Meter  shows  higher  values  than  the  skid  trailer, 
which  is  to  be  expected  since  the  Mu-Meter  operates 
in  the  cornering-slip  mode  and  the  skid  trailer  oper¬ 
ates  in  the  skid  mode.  Another  factor  that  might 
have  caused  the  higher  results  from  the  Mu-Meter  is 
that,  because  of  its  relatively  narrow  track  width, 
only  one  of  its  test  wheels  can  be  made  to  run  in  the 
most -traveled  wheel  path. 

Automobile  Method  vs  Skid  Trailers 

While  trailers  are  used  to  measure  the  friction 
coelliciem  at  a  given  speed,  friction  coefficients 
determined  by  automobile  methods  correspond  to  a 
range  ol  speeds — from  the  speed  at  which  the  brakes 
are  applied  down  to  zero  us  the  car  slops.  Figure  b3 
shows  the  results  of  a  study  by  Mahone  et  al.m  to 
correlate  Virginia's  skid  trailer  and  stopping 
distance  ear.  The  results  cannot  be  generalized  since 
different  correlation  may  be  obtained  under 
different  testing  conditions. 

Automobile  Method  v.v  Mu- Meter 

It  is  to  be  emphasized  that  each  of  these  methods 
measures  a  different  indicator  of  friction.  In  addi¬ 
tion.  different  testing  conditions  (e.g.,  tire-tread 
design,  wheel  load,  etc.)  make  comparison  of  the 
methods  rather  difficult.  Figure  b4  shows  a  compari¬ 
son  between  the  friction  factor  measured  by  the  Mu- 
Meter  at  40  mph  and  the  wet /dry  stopping  distance 
ratio  measured  bv  the  NASA  Diagonal-Braked 
Vehicle  (DBV)  by  locking  a  diagonal  pair  of  wheels 
at  ()0  ntph.  The  data  are  from  the  results  of  the  U.S. 
Air  Force  runway  skid  resistance  survey  at  different 
bases.136  For  the  survey,  the  surface  was  wet  by  a 
water  truck  each  time  measurements  were  taken. 
The  results  indicate  poor  correlation  up  to  a  Mu 
value  of  0,(i5. 

Burns  et  al.  renorted  a  good  correlation  between 

,,4li.M  (ibIUiw.in  ami  i  (i.  Rose,  Comparison  of  Highway 
Pavement  b  action  Measurements  taken  in  the  Cornering  Slip 
amt  Skni  Modes.  HKK  <Highw;i)  Research  Board, 

.  Mahone  and  S.N  Kutikle.  Pavement  Friction  Seeds. 
MKK  iHii:hwa\  Research  Board.  Id72). 

inRunway  Skid  Resistance  Survey  Reports  (Air  Force  Civil 
hn^ineerm^  (  enter,  l\ndall  AFB.  1^7*4). 
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Figure  61a.  Effect  ol  time  after  surface-weUir.g  or.  bide  friction  coefficient  as  measured  by  Mu-Meter.  (From 
Runway  Skid  Resistance  Survey  Report,  for  Scott  AFB.  Illinois  | Air  Force  Civil  Engineering  Center.  Tyndall 
AFB,  19741.) 
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Figure  61b.  Kffect  of  time-after-surface-wetting  on  wet/dry  stopping  distance  ratio  as  measured  by  Diagonal- 
Braked  Vehicle  |DBV|.  (From  Runway  Skid  Resistance  Survey  Report  for  Scott  AFB,  Illinois  (Air  Force  Civil 
F.ngineering  Center.  Tyndall  AFB,  1974].) 
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Figure  62.  Correlation  between  Mu-Meter  and  Texas  Highway  Department  locked-wheel  trailer.  (Data 
obtained  from  B.M.  Gallaway  and  J.G.  Rose,  Comparison  of  Highway  Pavement  Friction  Measurements 
i'aken  in  the  Cornering-Slip  and  Skid  Modes,  HRR  376  [Highway  Research  Board,  1971  ],  p  113.) 
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Figure  63.  Correlation  between  skid  number  obtained  from  ear  stopping  distance  from  40  mph  and  Virginia 
skid  trailer  at  40  mph.  (Data  obtained  from  D.C.  Mahone  and  S.N.  Runklc,  Pavement  Friction  Needs.  HRR 
3%  |Highway  Research  Board,  1972],  p  3.) 
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Figure  64.  Sideway  friction  measured  by  Mu-Meter  vs  wet /dry  stopping  distance  ratio  measured  bv  the 
Diagonal-Braked  Vehicle.*  (From  Runway  Skid  Resistance  Survey  Reports  |  Air  Force  Civil  Fngineering  Center, 
Tyndall  AFB,  1974].) 


*  Measurements  were  taken  at  the  following  bases: 
(I)  Scnii  AFB.  Illinois 
1 2)  Koval  AF  Woutlhrulge.  Filmland 


t-^l  Kinelieloe  AFB.  Michigan 


(*4)  Xi.|cihruekcu  AH.  (icrmanv 
(S)  Minot  AFB.  North  Dakota 


Arizona's  Mu-Meter  and  a  stopping  distance  car.12’ 
Their  results  do  not  contradict  the  results  obtained 
from  the  Air  Force  data,  but  rather  emphasize  the 
importance  of  testing  conditions. 

Trailers  and  Automobiles  vs  Portable  Field 
and  Laboratory  Methods 

l  ittle  correlation  has  been  found  between  these 
methods  because  of  the  different  modes  of  operation 
and,  particularly,  because  of  the  low  speeds  of  most 
of  the  portable  Held  and  laboratory  methods.  Even 
correlation  between  portable  Field  equipment 
operating  at  different  speeds  is  unlikely.  Zube  el  al.. 
in  comparing  the  Penn  State  Drag  fester  and 
California  Skid  fester,  conclude  the  following: 

A  siiinihli’  I'orrclatinit  was  not  obtained  between  the 
Penn  Slate  l)r;ig  tester  and  the  California  Skid  Tester 
when  dillerent  types  of 'surfaces  were  compared.  A  signifi¬ 
cant  correlation  was  obtained  when  only  PCX'  surfaces 
were  used  in  the  analysis.  It  is  apparent  that  the  speed 
etleei  mentioned  in  the  papers  by  Kummcr  is  of  consider¬ 
able  importance  in  attempting  to  correlate  low  speed  skid 
testers  with  those  based  on  much  higher  speeds.  This  is 
especially  true  when  there  are  definite  differences  in 
sorlaee  texture. 1,1 

Figure  65  shows  the  results  of  the  correlation  study 
performed  by  Zube  et  al. 

.-1  atomobile  r.v  A  final  A  ircraft 

A  joint  USAF-NASA  research  program  studied 
the  stopping  performance  of  an  instrumented 
C  -14 1 A  four-engine  jet  transport  and  several  instru¬ 
mented  ground  vehicles  under  dry,  wet.  flooded, 
slush,  snow,  and  ice  conditions.129  Tests  were  per¬ 
formed  on  concrete  and  asphalt  runway  surfaces. 
The  concrete  finishes  included  conventional,  wire 
combed,  and  a  variety  of  grooving  patterns.  The 
asphalt  surfaces  included  slurry  seal,  plant  mix, 
porous  friction  course,  grooved,  and  others. 


,;’M  Hums  .nut  R.J.  IViers.  Surface  Frit  lion  Study  of 
\n  > out  Highway's.  IIKK  4“* I  Research  Board.  197.1). 

I,*BI  /ul>t  and  J,  Sktt^.  A  Study  of  the  Pennsylvania  Stun-  Drag 
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Figure  65.  Correlation  of  California  skid  tester  and 
Pennsylvania  State  drag  skid  tester.  (From  E.  Zube 
and  J.  Skog.  A  Study  of  the  Pennsylvania  State  Drug 
Tester  for  Measuring  the  Skid  Resistance  of  Pave¬ 
ment  Surfaces,  Report  M&R  633251  (Material  and 
Research  Department,  California  Division  of  High¬ 
ways,  1%7|.) 

Results  showed  that  the  NASA  diagonal-braked 
ground  vehicle  (DBV)  permits  accurate  prediction  of 
the  stopping  distance  of  an  aircraft  under  varied 
runway  slipperiness  conditions.  Figure  66  shows  the 
good  correlation  between  the  NASA  DBV  and  the 
C-141A  aircraft.  Similar  good  correlations  were 
obtained  with  the  990A  and  F-4D  aircraft.130  Figure 
67  shows  the  correlation  between  the  RCR  vehicle 
and  the  C-141A  aircraft.  The  correlation  is  particu¬ 
larly  poor  on  wet  surfaces  because  of  the  low  speed 
(20-30  mph)  at  w  hich  brakes  are  applied  on  the  RCR 
vehicle  as  compared  to  the  high  speed  of  the  aircraft 
when  it  starts  to  brake. 


lJM  (  oniparistni  of  Aircraft  and  Ground  Vehicle  Stopping 
Performance  on  Dry,  Wet,  Hooded.  Slush.  Snow,  and  Ice 
Covered  Runways 
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WET/ DRY  SDR -AIRCRAFT 


Figure  66.  (cont'd). 
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Figure  67.  Correlation  between  the  wet /dry  stopping  distance  ratio  obtained  by  C-141 A  aircraft  and  runway 
condition  reading  (RCR)  vehicle  with  vehicle  brakes  applied  at  20  mph. 
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Figure  67.  (cont'd). 
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Skid  Resistance  Summary 

The  previous  seel  ions  have  discussed  friction 
measuring  methods,  variables  affecting  (he  meas 
ureil  values,  and  correlation  between  different 
inelhods.  A  review  ol  I  lie  stale  ol  l  lie  art  revealed  I  lie 
lollowin^  skill  resisianee  and  hydroplaning  null 
ealors: 

1.  Friction coefficient  measured  with  trailers  with 
loeked  wheels 

2.  Frielion  eoellieienl  measured  w  ith  trailers  w  ith 
unlocked  wheels  making  a  yaw  angle  w  ith  the  direc¬ 
tion  of  travel 

.1.  Friction  coefficient  measured  with  trailers  with 
rolling  wheels  in  the  slip  mode 

4.  Heading  obtained  from  a  deeelerometer  in¬ 
stalled  in  a  vehicle 

5.  The  ratio  between  wet  and  dry  stopping  dis¬ 
tance  for  an  automobile  applying  brakes  at  a  given 
speed 

b.  Friction  coefficient  measured  by  portable  field 
instruments 


I  rielion  coefficient  measured  by  laboralorv 
equipment 

N.  A  code  lor  the  sui  t, ice  texture. 

As  mentioned,  each  ol  I  hose  indicators  measures  a 
dillcrcnl  aspeel  ol  the  Irielion  laelor.  I  he  degree  of 
correlation  belween  two  indicators  depends  on  test 
mg  conditions  such  as  speed  tire-tread  design, 
wheel  load,  and  so  lortlt.  Therefore,  when  using  one 
or  more  of  the  indicators  to  evaluate  the  skid  resist¬ 
ance  and  hydroplaning  potential  of  a  pavement 
surface,  test  conditions  should  be  selected  specifi¬ 
cally  to  satisfy  the  purpose  of  the  evaluation.  For 
example,  in  selecting  indicators  to  evaluate  runways, 
one  should  first  eliminate  those  that  are  unlikely  to 
correlate  with  actual  aircraft  stopping  distance — 
such  as  stopping  distance  measured  by  automobiles 
braking  at  low  speeds  (20  ntph).  and  friction  coeffi¬ 
cients  measured  by  laboratory  methods,  some  port¬ 
able  field  equipment,  or  trailers  with  locked  wheels. 
This  will  narrow  the  choice  to  trailers  operating  in 
the  slip  or  yaw  modes,  stopping  distance  measured 
by  automobiles  braking  at  high  speeds  (60  mph). 
and  perhaps  some  type  of  a  texture  code  and  water 
depth  measure.  Table  5  summarizes  tentative 
recommendations  for  various  pavement  types. 


Table  5 

Tentative  Recommendations  for  Skid  Measurement  of  Different  Cavemen  I  Types 


Highways 

Airfields 

Measurement 

Method 

Mode  of  Testing 
or  Equipment 

Local  Roads  Primary 

&  Streets  Highways 

Runways  Tasiways 

I .  Trailers 


Locked  wheel 
Yaw  mode 
Slip  mode 


HA 

A 

I* 


A  P  I* 

HA  A  A 

t'  HA  HA 


2.  Automobiles  Locking 4 wheels 

Diagonal- Braked 
Vehicle 


I’ 


I' 


V  <J  V 

P  A  A 


.V  for  table  <V 
l.ab.  Method 


California 
Penn  Stale 
British  1’cmlnlum 


4.  Texture 


A 

U 

V 

( ) * 


l> 

0 

0 

NA 

NA 

NA 

NA 

NA 

NA 

0* 

0* 

Q* 

HA-  Highly  acceptable  usage  0 — Questionable  usage 

A  Acceptable  usage  NA  —  Nut  acceptable-  usage 

P  Possible  but  not  desirable  usage 

•Depends  on  the  technique  used  for  the  analysis. 
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I  he  U.S.  Air  Force  is  employing  two  indicators  for 
its  runway  skid  resistance  survey:  the  wet/dry  stop¬ 
ping  distance  ratio  measured  by  the  NASA  DBV, 
and  the  sideway  friction  factor  measured  by  the  Mu- 
Meter  (yaw  mode).  Figure  b-l  shows  the  correlation 
between  DBV  and  Mu-Meter  measurements.  Figure 
<i<>  shows  the  correlation  between  DBV  and  C  -14 1 A 
measurements.  After  taking  measurements,  the  Air 
l  oree  uses  Tables  b  and  7  to  rate  the  skid  resistance 
and  hydroplaning  potential  of  the  runways.  These 
tables  and  Figures  b4  and  bb.  show  that  the  meas¬ 
urements  taken  by  the  DBV  alone  are  probably  a 
sufficient  indicator.  However,  the  use  of  both  the 
Mu-Meter  and  the  DBV  provides  a  cheek  of  the 
values  obtained  and  is  a  measure  of  safety  in  the 
event  of  equipment  malfunction. 

Tabic  6 

Mu- Meier  Aircraft  Pavement  Rating* 


Kxpected  Aircraft 

Mu  Braking  Response  Response 


Cireater  than  0.50 

(jOOil 

No  hydroplaning  problems 
are  expected 

0.42-0.50 

Fair 

Transitional 

0.25-0.41 

Marginal 

I'otenlial  lor  hydroplaning 
for  sonic  A  C  exists  under 

certain  wet  conditions 

l  ess  than  0.25 

Unacceptable 

Very  high  probability  ol 
hydroplaning 

*A.D.  Bricknian  cl  al..  Analysis  <>l  Pavement  Profile  (Pcnnsvl- 
vania  Department  nf  Transportation.  1469). 


Table  7 

Stopping  Distance  Ratio/ Airfield  Pavement  Rating* 


SDR 

Hydroplaning  Potential 

1.0 -2.0 

No  hydroplaning  anticipated 

2.(1-  2.5 

Potential  not  well  defined 

2.5-  .1.5 

Potential  lor  hydroplaning 

( irealcr  than  .1.5 

Very  high  hydroplaning  potential 

*(j.I).  liallenlinc  amt  P.V.  Compton.  evaluation  “I  Hunway 
Skill  Hesistmne  ( ’huruclerislics  «»/  Hon il  Air  Hirer  llentwulers 
(Al'WI..  197.1). 


5  FUNCTIONAL  PERFORMANCE  AS  PART 
OF  PAVEMENT  LIFE-CYCLE  ANALYSIS 

Introduction 

Field  experience  has  shown  that  pavement  design 
based  on  t  rat  lie  load  structural  considerations  alone 
does  not  provide  lor  all  functional  conditions,  thus 
unexpected  maintenance  and  repair  expenditures 
may  occur.  Such  observations,  in  part,  led  to  devel¬ 
opment  and  application  of  the  systems  life-cycle 
approach  to  pavement  design.131  This  approach  was 
emphasized  when  the  lexas  Highway  Department  in 
l%b  initiated  a  cooperative  research  project  entitled 
A  Systems  Approach  Applied  to  Pavement  Design 
and  Research."  The  Texas  cooperative  research  pro¬ 
gram  has  produced  several  important  findings,  and 
lias  demonstrated  the  importance  of  life-cycle 
systems  analysis.  13j-133<134-135.13‘.D7 

Pavement  Management 

I  lie  term  pavi-meni  management  includes  more 
titan  pavement  design;  it  encompasses  the  manage¬ 
ment  tit  a  pavement  network  from  the  time  it  is 
planned  until  ii  is  salvaged.  Such  a  process  consists 
oi  pavement  design,  construction,  maintenance, 
repair,  and  continuous  performance  monitoring  to 
provide  data  lor  feedback  information. 


,,l'V.R.  Hudson.  I  N  Kinn.  B.F.  McCullough.  K.  Nair.  and 
IT  A.  \  allcrga.  Systems  A I  ’I  >11  HO  h  HI  Part  nicnl  Design.  Systems 
1-nnn tiUuitm,  Perl'ormanie  Definition.  uml  .Materials  Character!- 
ziiiiou.  Final  Report.  NCHRP  Project  I  10  (Materials  Research 
anil  Devciopincni.  In-  .,  i'HiM. 

U1R.(  .Ci  Haas.  Developing  a  Pavement  Feedback  Oulu 
System.  Research  Report  Ni*.  12.1-4  i  lexas  Highuav  Deparlnient: 
I  he  University  ol  I  exas  ai  Austin:  lexas  AiVM  University;  1971). 

,i!V\.U.  Hudson.  B.  Frank  McCullough.  F.FI.  Scrivncr,  and 
Janies  I  Broun.  A  Systems  Approach  Applied  to  Pavement 
Design  mol  Heseanh.  Research  Kepori  12.11  (Texas  Highway 
Depariineiii. 

Slnmi.  W  K.  Hudson,  and  J.l  Broun.  A  Pavement 
l  i  eilhiu  k  l)A  l  A  System.  Research  Report  12.1-12  (Texas  High 
»av  Deparlnient.  1970). 

SM  I  Darter  and  V\.R.  Hudson.  Application  o  /  Pmhabiltsiie 
(  niteepis  to  lle.vtble  Pavement  System  Design.  Research  Report 
12.1- IK  I  lexas  Highway  Deparlnient.  197.1). 

‘“M.V.  Shahin  and  B.K.  McC  ullough.  Prediction  m  l.mv- 
lent  perm  ure  mol  Ihermal  Fatigue  Cracking  in  Flexible  Pave¬ 
ments.  Research  Repot:  121-14  i  lexas  Highway  Department). 

R.K.  Klier.  W  ,R.  Hudson,  and  B.F.  McCullough.  A  System 
Analysis  ol  Ktgld  Pavement  Design.  Research  Report  1 2.1-5 
(Texas  Highway  Deparlnient.  1470). 
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Before  further  discussion,  it  is  important  to  define 
the  terms  maintenance  and  repair  as  used  here. 
Pavement  maintenance  is  the  activity  necessary  to 
keep  the  pavement  operating  at  its  present  capa¬ 
bility.  Maintenance  can  be  minor  or  major.  Minor 
maintenance  consists  of  routine  activities  such  as 
crack  filling,  patching  of  small  areas,  filling  pot¬ 
holes.  and  joint  filling.  Major  maintenance  usually 
requires  special  consideration  by  the  management 
stalT  and  includes  activities  such  as  concrete  slab- 
jacking  and  patching  of  larger  areas. 

Pavement  repair  is  the  activity  necessary  to  restore 
the  pavement  to  its  initial  operating  capability  rather 
than  increasing  its  strength  to  meet  new  t  rat  lie 
demand  (which  is  classified  as  construction).  Typical 
repair  processes  include  overlay  and  slab  replace¬ 
ment.  It  is  useful  to  further  define  the  term  based  on 
the  main  reason  for  the  repair.  Structural  repair  is 
performed  to  restore  the  pavement’s  load-carrying 
capacity,  while  functional  repair  is  pertormed  to  re¬ 
store  the  skid  and/or  smoothness  properties.  It 
should  be  emphasized  that  a  structural  repair  may 
also  improve  the  functional  condition  of  the  pave¬ 
ment  and  similarly,  functional  repair  may  improve 
the  pavement's  load-carrying  capacity. 

Both  maintenance  and  repair  activities  should  be 
well-coordinated  in  order  for  the  pavement  manage¬ 
ment  system  to  he  successful  in  minimizing  total 
expenditures.  This  coordination  can  be  achieved 
only  by  continuous  monitoring  of  traffic  and  the 
structural  and  functional  conditions  of  the  pave¬ 
ment.  and  storage  of  the  observations  in  a  data  base 
in  order  to  update  the  original  design  strategies  for 
use  in  planning  future  maintenance  and  repair. 
Figure  6H  shows  how  the  coordination  of  mainte¬ 
nance  and  repair  activities  can  be  achieved  within  a 
pavement  management  system.  Following  is  a  brief 
description  of  the  components  of  the  figure. 

1.  Monitor  Performance  and  Evaluate  Needs: 
After  the  pavement  has  been  constructed,  its  struc¬ 
tural  and  functional  performance  should  be  con¬ 
tinuously  monitored  and  its  maintenance  anil  repair 
needs  should  be  evaluated. 

2.  Minor  Maintenance:  The  day-to-day  routine 
maintenance  work  such  as  filling  cracks  and  joints. 

3.  Major  Maintenance:  Before  performing  major 
maintenance  such  as  patching  of  large  areas,  the 


future  need  for  functional  or  structural  repair  must 
be  evaluated  to  optimize  cost  and  traffic  delay. 

A.  Functional  or  Structural  Repair:  Because  of 
the  interaction  between  structural  and  functional 
repair,  the  type  of  repair  should  be  selected  to  opti¬ 
mize  cost  and  minimize  traffic  delay. 

5.  Updated  Functional  and  Structural  Records: 
After  major  maintenance  or  repair,  functional  and 
structural  records  should  be  updated  and  stored  in 
the  data  base  for  future  reference. 

Present  Status  or  Management  System 
Being  Developed  by  CERL 

CERL  is  developing  several  computer  programs  in 
response  to  the  requirements  of  the  systems 
approach  to  pavement  analysis  and  design.  At 
present,  these  programs  are  applicable  to  certain 
classes  of  problems. 

LIFE1  is  a  program  for  life-cycle  costing  of  pave¬ 
ment  design  alternatives.  It  generates  a  set  of  designs 
based  on  the  material  properties  of  the  subgrade  and 
other  available  materials  for  construction  of  rigid 
and  flexible  pavements,  and  on  the  mission  of  the 
pavement  as  defined  in  terms  of  its  function  and 
expected  traffic.  In  addition,  it  considers  mainte¬ 
nance  and  repair  strategies  input  by  the  user.  At 
present,  a  maintenance  or  repair  strategy  is  defined 
by  a  schedule  for  structural  overlays  and  a  budget 
level  for  routine  maintenance.  Costs  based  on  infor¬ 
mation  input  by  the  user  are  computed  tor  initial 
construction,  overlay  construction,  routine  mainte¬ 
nance.  and  delay  of  vehicle  operations,  as  well  as  for 
aircraft  maintenance  related  to  pavement  condition, 
fhc  current  version  of  LIFE!  is  based  largely  on  the 
design  method  for  pavements  developed  and  used  by 
the  Corps  of  Engineers.  Current  work  includes  the 
addition  of  a  frost  design  procedure,  and  earthwork 
cost-estimation  routine. 

PAVER  is  a  Management  Information  System  for 
pavement  facilities.  It  has  a  data  base  keyed  to  a  grid 
system  which  contains  information  describing  a  set 
of  pavements  in  a  geographical  area.  '1  his  includes 
geometrical,  condition,  traffic,  and  environmental 
data:  and  material  properties  and  unit  costs  for  each 
section  of  pavement.  The  data  base  is  organized  in  a 
hierarchical  structure,  and  retrieval  is  facilitated  by 
a  generalized  data  management  system  called 
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Figure  68.  Coordination  of  maintenance  and  repair  activities  in  pavement  management  system. 


System  2000.  A  set  of  instructions,  programmed  in 
FORTRAN,  interfaces  with  the  data  base  and 
creates  reports  of  interest  to  a  variety  of  users,  it  is 
anticipated  that  the  major  users  would  be  the  facility 
engineer  and  his  staff.  Fiigher  levels  of  command 
may  desire  summary  information  for  use  in  compar¬ 
ing  costs  and  performance  at  several  bases  or  for 
entire  commands. 

1.IFK1  and  PAVER  have  been  sponsored  by  the 
(  orps  of  Engineers  (the  major  sponsor)  and  the  Air 
Force  Weapons  Laboratory.  In  response  to  the  Air 
Force  requirement  to  aid  in  evaluation  and  mainte¬ 


nance  planning  lor  existing  pavements,  the  PRE- 
I  1C  I  program  is  being  developed  to  encompass  the 
maintenance  option  of  I.IFEI.  At  present.  LIFE! 
does  not  consider  iunctional  performance  as  part  of 
pavement  iile-cvcle  analysis. 

Preliminary  Concepts  for  Incorporating 
Functional  Performance  Into  Pavement 
Life-Cycle  Analysis 

As  mentioned  earlier,  functional  requirements  are 
primarily  those  o {comfort  and  safely.  The  comfort 
of  a  pavement  user  is  primarily  a  function  of  pave- 
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nil'll  I  roughness.  The  level  of  muchness  is  usually 
low  i  nil  tally  after  construction  anil  then  increases 
with  time  and  traffic  until  a  limiting  value  is  reached 
at  w  hich  user  comfort  requirements  are  not  satisfied. 

The  safety  of  a  pavement  user  is  uflectcd  by  both 
the  slipperiness  and  the  roughness  of  the  pavement. 
Skid  resistance  is  usually  high  immediately  after 
conslruetion  and  then  decreases  with  tunc  and 
traffic  until  a  limiting  value  is  reached  at  which  the 
probability  of  vehicle  loss  of  control  is  higher  than 
can  be  tolerated. 

Corrective  measures  for  slipperiness  and  much* 
ness  can  vary  considerably  based  on  their  objectives 
and  on  the  struct tnal  condition  of  the  pavement .  For 
example,  if  the  functional  requirements  of  the  users 
are  exceeded  by  pavement  slipperiness,  the  surface 
can  be  grooved  or  a  surface  treatment  placed.  How¬ 
ever.  if  it  is  also  determined  that  the  pavement  will 
soon  need  a  structural  repair,  it  may  be  more  eco¬ 
nomical  to  apply  a  heavy  overlay.  Figure  64  shows  an 
example  of  how  the  coordination  between  corrective 
measures  for  pavement  slipperiness  and  structural 
deterioration  can  be  achieved.  C  urve  (a)  shows  that 
the  skid  index  reached  its  limiting  value  at  a  time 
when  the  pavement  had  a  high  structural  index; 
therefore  only  a  seal  coat  or  surface  grooving  would 
be  needed  to  restore  the  surface  skid  resistance. 
Such  a  corrective  measure  may  or  may  not  affect  the 
structural  index.  C  urve  (b)  shows  that  (lie  skid  index 
reached  its  limiting  value  at  a  time  when  the  struc¬ 
tural  index  was  close  to  reaching  its  limiting  value 
I  lie  most  economical  corrective  measure  in  that 
case,  as  indicated  in  Figure  64.  would  lie  an  overlay. 

Similarly,  if  the  functional  requirements  ol  the 
users  are  exceeded  by  pavement  roughness,  only 
major  maintenance  such  as  slabjacking  could  bring 
the  roughness  to  an  acceptable  level.  However,  if  it  is 
also  determined  that  the  pavement  needs  a  struc 
tural  repair  in  the  near  future,  it  may  be  more  eco 
nomical  to  apply  an  overlay  .  Figure  70  U  an  example 
ol  how  the  corrective  measures  for  pavement  rough¬ 
ness  and  structural  deterioration  can  be  coordinated. 
Curve  Ic)  shows  that  the  roughness  index  reached  its 
limiting  value  at  a  time  when  the  structural  index 
was  significantly  high;  therefore  major  maintenance 
might  be  sufficient  to  lower  the  roughness  index  to 
an  acceptable  level.  Such  a  corrective  measure  may 
or  may  not  affect  the  structural  index.  Curve  (d) 
shows  the  roughness  index  to  reach  iis  limiting  value 
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Figure  69.  Coordination  of  corrective  measures  for 
pavement  skid  resistance  and  structural  deteriora¬ 
tion. 

at  the  same  time  as  the  structural  index  was  close  to 
reaching  its  limiting  value.  The  most  economical 
corrective  measure  in  that  case,  as  indicated  in 
Figure  7().  would  be  an  overlay. 
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Figure  70.  Coordination  of  corrective  measures  for 
pavement  roughness  and  structural  deterioration. 


’4 


The  examples  presented  in  Figures  69  and  70  are 
extremely  simplified  since,  in  reality,  optimization  of 


design,  maintenance,  ami  rehabilitation  requires 
coordination  among  structural  deterioration,  slip¬ 
periness.  and  roughness  at  the  same  time.  This  co¬ 
ordination  should  be  planned  and  optimized  in  the 
initial  design  stage,  and  also  during  evaluation  of 
existing  pavements  for  major  maintenance  or 
rehabilitation.  The  optimized  coordinated  design 
can  he  obtained  only  by  comparing  the  available 
alternatives  that  can  last  for  the  desired  design  life  in 
terms  of  time,  traffic,  and  environment.  Figure  71 
shows  a  few  of  the  possible  alternatives  that  may  be 
considered.  Alternative  I  (Figure  7 1  a)  shows  a  pave 
ment  that  is  structurally  designed  to  last  about  one 
ihird  of  the  desired  design  life,  with  two  overlays 
scheduled  in  the  future.  Alternative  2  (Figure  7 1 hi 
shows  a  pavement  that  is  structurally  designed  to  last 
about  half  the  design  life,  with  an  overlay  and  seal 
coat  scheduled  in  the  future.  Alternative  .1  (Figure 
71c)  shows  a  pavement  that  is  structurally  designed 
to  last  the  entire  design  life,  with  two  seal  coats 
scheduled  to  keep  the  roughness  and  skid  indexes 
from  reaching  their  limiting  values.  It  is  to  be 
emphasized  that  only  a  few  of  the  possible  alterna¬ 
tives  are  presented  here.  The  number  of  possible 
alternatives  will  depend  on  the  constraints  specified 
by  the  designer,  such  as  maximum  number  of  over¬ 
lays  and  seal  coats  during;  the  design  life,  initial  cost, 
and  the  limiting  values  for  the  structural  and  lane 
tional  indexes. 

The  selection  of  an  optimum  alternative  can  be 
based  on  the  present  worth  of  the  total  cost  and  the 
average  rideability  during  the  design  life  of  the  pave 
ment.  An  average  rideability  factor  (ARF)  is  devel¬ 
oped  herein  as  follows: 

ARFj  =  ( A  i 7  A ) 

where  ARFj  =  average  rideability  factor  for  design 
alternative  i. 

Ai  =  area  between  roughness  index 
curvc(s)  and  roughness  index  limit¬ 
ing  value  for  alternative  i. 

A  =  design  life  in  years  limes  roughness 
index  limiting  value. 

f  rom  the  definition  one  can  determine  that  the  ARf 
has  a  minimum  value  of  zero  and  a  maximum  value 
ol  one. 

Figure  72  is  a  simplified  example  showing  the 
calculation  of  the  average  rideability  factor  for  two 


OVERLAY  (II  OVERLAY  (2) 


TIME,  IRAFFlC,  AND  ENVIRONMENT 


INITIAL  CONSTRUCTION  =  $  «, 

OVERLAY  tl)  =  $  «2 

OVERLAY  (Z)  *  t  >3 

TOTAL  COST  =  S  l  »(  +  «2'*«J)  t  USERS 
AVERAGE  RIDEABILITY  FACTOR  =  (*,/*) 

Figure  71a.  Coordination  of  structural  deterioration 
roughness,  anu  slipperiness  during  pavement  life- 
cwlc.  design  aliernatixe  1 

design  alternatives.  The  following  values  were  used 
in  the  example:  Design  Life  =  20  years.  Maximum 
Scale  Value  of  Roughness  Index  =  10.  Roughness 
Index  Limiting  \  able  =  0. 

The  ARF  lias  the  following  merits: 

1.  li  descriors  i lie  rideability  history  in  one 
number. 

2,  1 1  provides  the  designer  with  a  guide  for  select¬ 
ing  I  mm  design  alternatives  that  have  the  same  cost. 

7.  Ii  allows  me  designer  to  specify  a  minimum 
average  rideability  value  as  a  constraint  to  reduce  the 
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[IMF,  TRAFFIC,  AND  ENVIRONMENT 


initial  construction  $  ,, 

OVERLAY  ■■  $  ,2 

AGO  SEAL  COA’  ■  t  l3 

TOTAL  COST  '  ttf|»  ,3  I  •  ..Sf  H5 
A.FRAGE  RIDE.  SlLl’T  FACTOR  :  (  Aj/AI 

Figure  71b.  Design  alternative  2. 
number  of  available  design  alternatives. 

4.  It  can  be  used  to  compare  the  rideability 
history  of  different  classes  of  pavements  regardless  of 
the  roughness  index  limiting  values  assigned  to  them 
(Figure  "Ml. 

5.  Its  value  docs  not  vary  when  the  roughness 
index  scale  is  changed. 

Functional  performance  requirements  of  pave¬ 
ments  and  development  of  models  to  predict  their 
variation  with  traffic,  time,  and  environment  must 
be  viewed  in  a  system  framework.  Functional 
performance  of  pavements  is  generally  related  to 
their  structural  performance.  Occurrence  of  struc¬ 
tural  distress  such  as  cracking  does  not  necessarily 
mean  a  functional  tailure:  however,  roughness 
usually  occurs  some  time  after  the  initial  structural 
distress.  Similarly,  rutting  or  permanent  deforma- 


T  l  WE  ,  TRAFFIC  AND  ENVIRONMENT 

INIT.AL  CONSTRUCTION  =  (  If 
Aor,  seal  coa i  in  -  $  iz 

AGO  SEAL  COAT  l?l  =  $ 

total  COST  -  $  (  if  *  iz  •  ij)  .  USERS 
AVERAGE  RlDEABHITr  FACTOR  =  (  A^/A  ) 

Figure  71c.  Design  alternative  3. 

lion  can  increase  hydroplaning  potential  by  allowing 
greater  water  accumulation  during  heavy  rains. 
Therefore,  it  is  evident  that  structural  distress, 
safely,  and  comfort  are  all  related  and  that  any 
adequate  pavement  lile-cyele  design  system  should 
account  for  all  factors  and  their  interactions. 

Figure  74  summarizes  the  concepts  mentioned 
above,  showing  only  the  structural/functional  sub¬ 
system  portion  of  an  entire  pavement  system.  A  brief 
description  of  each  component  of  the  figure  is  given 
below. 

1 .  Inputs:  All  necessary  data  on  materials,  loads, 
environment,  maintenance,  costs,  etc. 

2.  Structural  Models:  Models  based  on  theory  or 
empirically  derived  to  predict  pavement  structural 


DESIGN  LIFE 


Of  sign  tiff 


T  ME  .  YEARS 


ARF,  ■  {jO  I  I  |  }  /  |  20  •  6}  -05 

»«  F,.  {lO»-j--*IO<4-}/{20.6}  ■  0.33 

Figure  72.  Example  calculation  of  average  ride- 
ability  factor  (ARF)  for  two  design  alternatives. 


Figure  73.  Primary  and  secondary  roads  that  have 
the  same  rideab.lity  factor  (ARF)  but  different 
roughness  index  limiting  values. 


Figure  74.  Consideration  of  functional  performance  in  pavement  life-cycle  analysis. 
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distress  as  a  function  of  traffic  environment  and 
time. 

3.  Structural  Distress:  Distress  such  as  fracture, 
distortion,  and  disintegration. 

4,  Roughness  Models:  Models  to  predict  the  in¬ 
crease  in  roughness  indicators  as  a  function  of 
traffic,  environment,  and  time. 


indicators.  I  mictional  performance  was  defined  as 
the  trend  ot  the  level  of  service  provided  to  the  pave¬ 
ment  users  throughout  the  initial  life  of  the  pave¬ 
ment  amt  hriween  repairs.  Chapters  3  an  I  4 
dev.  rtl  cii  tne  state  of  the  art  of  measuring  and  e  alu- 
atmg  the  mosi  significant  lunctional  condition  indi¬ 
cators:  rougnness  and  skid  resistance,  following  is 
the  si.dc-of  tiic-ari  summary  of  indicators  that  can 
he  used  In,  measuring  roughness  and  skid  resistance. 


5.  Skid,  Hydroplaning  Models:  Models  to  predict 
the  increase  in  -,  ,/l  .t.  I  hydroplaning  potential  as  a 
function  of.  eh  ironment.  and  lime. 

().  Coordinate  and  Optimize:  Based  on  pre-set 
limiting  levels  for  structural  and  functional  indi¬ 
cators.  develop  and  optimize  strategies  for  major 
maintenance,  structural,  and/or  functional  repair. 


Roughness  Indiciums 

1.  Roughness  Index 

2.  Slope  Variance 

3.  Wavelength  Amplitude 

4.  Acceleration 

5.  Absorbed  Power 

(>.  Subjective  evaluation 


7.  Outputs:  Recommended  materials  and  thick¬ 
nesses  to  he  used,  strategies  for  maintenance  and 
repair,  average  ridcabilily  factor,  and  total  costs  over 
the  entire  life  of  the  pavement  (including  users'  costs 
due  to  structural  damage  of  vehicles  or  delay  time), 
for  each  life-cycle  design  considered. 

The  development  and  implementation  of  accurate 
predictive  models  to  incorporate  functional  perform 
a  nee  considerations  into  life-cycle  design  and 
analysis,  as  shown  in  Figure  74,  requires  extensive 
research  and  ling-term  performance  data  from  in- 
serviee  pavements  These  are  not  currently  available. 
Hmpirical  relationships,  !..,wever,  can  be  developed 
at  present  for  first-order  approximation.  1  he  devel¬ 
opment  can  he  based  upon  available  data,  limited 
research,  and  engineering  judgment.  Methodology 
must  be  developed  concurrently,  to  coordinate  and 
optimize  the  structural  and  functional  considera¬ 
tions.  Once  developed,  these  approximate  predictive 
models  and  optimization  techniques  could  be  imple¬ 
mented  into  the  pavement  management  system.  The 
resulting  feedback  performance  information  col¬ 
lected  from  in-service  pavements  could  be  used  for 
development  of  more  accurate  models. 


Skid  Resistance  Indicators 

1 .  i-'rictioe  coefficient  measured  with  trailers  with 
lockcc.  wheels. 

2.  friction  coefficient  tr.  usured  with  trailers  with 
unlocked  whceis  making  a  yaw  angle  with  the  direc¬ 
tion  ot  travel. 

3.  )  i  teiion  v'cliicient  measured  with  trailers  with 
rolling  wheels  in  the  slip  mode. 

4.  Kcaoiitg  ob  .lined  from  a  deecleromcler  in- 
stalled  in  :i  veiiie  c. 

5.  i'iic  ratio  ictwecn  wet  and  dry  stopping  dis¬ 
tance  for  an  aoiomobiic  applying  brakes  at  a  given 
speed. 

<>.  ft  union  ccetficicm  measured  by  portable  field 
instruments. 

Friction  coefficient  measured  by  laboratory 
equipment 

S.  A  cot tc  for  the  surface  texture. 

Tentative  recommendations  relative  to  appropri¬ 
ate  roughness  and  skid  resistance  indicators  for 
vanous  evaluation  purposes  and  types  of  pavements 
were  preset  icu  in  Tables  3.  4  (Chapter  3)  and  5 
tChauti  r  4i. 


SUMMARY,  CONCLUSIONS, 

AND  RECOMMENDATIONS 

Summary 

Chapters  I  and  2  defined  pavement  functional 
performance  and  identified  functional  condition 


Chapter  5>  presented  concepts  for  incorporating 
tuuctionai  c  irsideration  of  roughness  and  skid 
resistance  into  pavement  life-cycle  analysis,  included 
were  examples  of  how  to  coordinate  maintenance 
and  repair  activities  for  structural  deterioration, 
roughness,  at.d  slipperiness.  It  was  suggested  that 
selection  ot  the  optimum  design  alternative  be  based 
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on  i he  present  worth  of  the  total  eost  and  the  average 
ridcability  factor  (which  was  introduced  and 
defined).  Finally,  a  chart  showing  the  structural/ 
functional  subsystem  portion  of  an  entire  pavement 
system  was  presented. 

Conclusions 

1 .  The  consideration  of  only  structural  integrity  in 
pavement  life-cycle  design  does  not  adequately 
account  for  the  users'  functional  requirements. 
Therefore,  direct  consideration  of  user-related  func¬ 
tional  indicators  such  as  roughness  and  slipperiness 
is  necessary  for  complete  analysis  of  pavement  life- 
cycle  design. 

2.  Important  indicators  of  pavement  functional 
condition  are  roughness,  skid  resistance  and  hydro¬ 
planing.  appearance,  foreign  objects  on  pavement 
surfaces,  and  maintenance  and  repair  activities 
which  cause  delay  or  increased  cost  to  users. 

.V  It  is  possible  to  measure  several  roughness 
indicators.  Kaeh  of  these  indicators  will  serve  some 
objectives  better  than  others.  One  significant  indi¬ 
cator,  absorbed  power,  has  not  yet  been  developed 
sufficiently  but  is  under  investigation  at  Waterways 
I  x  peri  men  t  Station  and  Air  Force  Weapons  Labora¬ 
tory  Other  indicators  arc  certainly  needed  to  give 
more  adequate  information  on  vehicle  structural 
damage  and  electronic  equipment  damage  due  to 
roughness. 

4.  fhe  state  of  the  art  for  measuring  and  evaluat¬ 
ing  skid  and  hydroplaning  shows  that  w  hile  several 
methods  are  available  for  measuring  skid  resistance, 
there  are  no  direct  methods  for  measuring  hydro¬ 
planing  potential.  Furthermore,  selection  of  the 
appropriate  skid  resistance  indicators  depends  pri¬ 
marily  on  the  characteristics — especially  speed — of 
vehicles  using  the  pavement  facility. 


5.  Although  the  state  of  the  art  for  evaluating 
roughness  and  skid  resistance  does  not  provide 
adequate  data  to  develop  accurate  models  for  pre¬ 
dicting  the  variation  of  roughness  and  skid  indi¬ 
cators  with  time,  traffic,  and  environment,  it  does 
provide  information  for  development  of  approximate 
models. 


Recommendations 


Functional  considerations  should  be  included  in 
pavement  life-cycle  analysis  (design,  maintenance, 
and  rehabilitation).  To  achieve  this,  the  following 
work  is  recommended: 

1 .  Models  should  be  developed  to  predict  the  vari¬ 
ation  of  significant  functional  indicators  (such  as 
roughness  and  skid  resistance)  with  time,  traffic, 
and  environment.  Complete  development  and  verifi¬ 
cation  of  these  models  requires  extensive  research 
over  several  years.  However,  approximate  models 
can  be  developed  from  existing  state-of-the-art  tech¬ 
nology  and  limited  research.  These  approximate 
models  can  then  be  refined  as  more  information 
becomes  available. 

2.  Limiting  criteria  should  be  developed  for  each 
functional  condition  indicator  and  specific  class  of 
pavement. 

.4.  A  decision-making  methodology  should  be 
developed  for  selecting  appropriate  maintenance 
and  repair. 

4.  Work  items  I.  2.  and  3  should  be  implemented 
into  pavement  life  cycle  analysis  (design,  mainte¬ 
nance.  and  repair).  This  will  require  development  of 
a  coordination  and  optimization  technique  in  order 
to  select  the  optimum  design  alternative. 
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APPENDIX: 

INTRODUCTION  TO  POWER 
SPECTRAL  DENSITY 

Definition  of  Sample  Function 
and  Stationary  Process 

A  sample  function  of  a  random  process  is  a  func¬ 
tion  whose  record  does  not  have  an  obvious  pattern; 
lor  example,  the  profile  of  a  pavement  surface  lor  a 
given  distance.  A  random  process  is  an  infinite 
ensemble  of  sample  functions  (Figure  All. 


T 


Figure  At.  Schematic  representation  of  a  random 
process  as  an  ensemble  of  sample  functions  y(j)tx). 

A  random  process  is  said  to  be  stationary  it  its 
probability  distributions  are  invariant  from  one 
section  of  a  given  pavement  to  another  section  of  the 
same  pavement.  In  particular,  the  first -order  proh 
ability  density  ply)  becomes  a  universal  distribution 
for  a  given  pavement,  independent  of  the  examined 
section.  I'he  assumption  of  stationary  trends  is 
significant  in  the  analysis  of  highway  profiles,  since 
only  a  few  sections  of  a  given  highway  can  be 
examined  practically.  This  is  not  necessarily  true  for 
runways,  since  current  technology  allows  an  entire 
runway  profile  to  be  examined. 

Statistical  Definitions 

The  following  definitions  of  statistical  parameters 
are  presented  to  illustrate  the  power  spectral  density 
concept 

(I)  The  "mean"  or  ‘  .  xpected  value"  of  a  function 


: 

v.l'  lyl.  can  be  calculated  if  the  first -order  probability 
density  of  y  is  known: 


/oo 

v  p(y)  dy 

—CO 


|Fq  Al| 


For  a  sample  lit  net  ion  of  length  X.  the  mean  of  y  can 
be  estimated  as  follows: 


|lu|  A2| 


Notice  that  Vl|vj  will  equal  R jy |  if  the  process  is 
stationary. 


<  2)  Similarly .  the  "mean  square”  of  a  function  y  is 
defined  as  follows: 


r00 

i-l.v2)  =  /  y*l»ly)dy 


|Eq  Ad  | 


For  a  sample  function  of  length  X,  the  mean  square 
of  y  can  he  estimated  as  follows: 


M|.v2l  = 


y2(x)dx 


|  FT,  A4] 


(d)  Flic  "root  mean  square"  of  a  function  y  is 
di  lined  as  the  square  root  of  the  mean  square  of  y. 


rms  |y|  -  •/  H|v2| 


--  \J  M[v2|  If  the  process  is  stationary .  •  • 

IKq  AS | 

( 4)  The  "variance"  of  a  function  v,  Oy,  is  defined 
as  the  expected  value  of  (y  F.|y])2 

Oy  =  F£  |  (y  H  |y  | ) 2  ] 

oo 

<>'  Ely|)2p(y)dy 

OO 

=  F|y2|  (F:|v|)2  |F:q  Ah| 


liquation  Ab  shows  that  the  variance  of  y  is  equal  to 
its  "mean  square”  minus  the  square  of  its  "mean." 
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(5)  The  "standard  deviation"  of  a  function  y,  oy . 
is  defined  as  the  square  root  of  its  variance: 

<>v  -  H-i|  A7| 

(ti)  Ihe  "autocorrelation"  of  two  functions  y'l> 
and  \12’.  I ■’!>' * 1 1  v',‘|.  is  the  expected  value  of  their 
products: 


superposition  ol  sinusoids  as  follows: 


>(x)  = 


OO 

F(w)  e'wx  dw 


|Eq  AIO| 


wlicte  l'(v\ )  is  the  Fourier  transform  ol  ytx)  and  is 
expressed  as  loilows: 


H|y“.  > 


<2>l  z= 


// 


,.u> 


yiJ,p(y<1>-y(2,>tl>u,tl><J’ 


Hw) 


OO 

y(x)e  'wxdx  j Hq  All] 


In  the  analysis  of  a  sample  function  y(x)  of  length  X, 
an  autocorrelation  function  between  ytx)  and 
another  function  (x+t),  where  r  is  a  specified  incre¬ 
ment  on  the  x  scale,  is  referred  to  as  R(t);  where 


R  It)  =  Lim 


y( x)y( x  +  t)  dx 


However,  if  the  function  is  stationary,  R(r)  can  be 
rewritten  as  follows: 


R(t)  - 


I 

X 


X 

2 

v( x>  v(x+t)  dx  |lq  A8| 
X 
2 


It  should  be  noted  that  when  x~o  in  Equation  AH, 
the  autocorrelation  Rto)  becomes: 


R(o)  = 


y2(x)dx 


ILq  A9| 


w  liieh  is  the  mean  square  of  y. 

Figure  A2  is  a  schematic  diagram  of  the  variation 
of  the  normalized  autocorrelation  function  R(t)/R(o) 
with  t  value.  Note  that  R(t)  is  maximum  at  t=o. 
w  hich  represents  the  state  of  perfect  correlation. 


where  w  is  the  radian  frequency  of  the  sinusoids 
(radian  selected  unit*) 
w  2rr! 

I  --  tiie  frequency  in  cycles/selected  unit.* 

I  quatiotis  AH)  and  \il  show  that  F(w)  is  a  repre¬ 
sentative  of  ytx),  but  in  the  frequency  domain. 

Equation  A 1 1  can  he  rew  ritten  as  follows: 


Hu) 


co 


isinwx)  dx 


In  t he  ease  where  ytx)  is  an  even  function,  i.e.,  ytx)  = 
y(  x).  the  complex  component  ytxH  isinwx)  is  zero; 
therefore. 


Ftw) 


OO 

ytx)  eoswx  dx 


OO 


[Eq  A 12] 


il  ytx)  is  tin  even  function. 

The  Power  Spectral  Density  Theorem 

The  previous  section  demonstrated  that  a  function 
can  he  represented  in  terms  of  sinusoids  of  con¬ 
tinuously  varying  Irequencies.  The  same  concept  can 
he  applied  u>  the  autocorrelation  function  R(t)  of  a 
sample  function  ytx).  The  resulting  Fourier  trans¬ 
form  ol  R(t)  is  also  the  power  spectral  density  of  y(x): 


Fourier  Integrals 


R(t)  - 


i  f 


»(w  )e  ,WTdw 


(Eq  A 1 3a  | 


**l  In*  unit  M'kv'ol  in  the  atiahsis  ol  highway  profile  is  usually 
’  kvi." 


From  the  Fou:  ier  integral  theorem,  a  function  ytx) 
defined  from  x=  00  to  x=°°,  can  be  represented  by 


8h 


NORMALIZED 


Figure  A2.  A  schematic  diagram  of  the  normalized  autocorrelation  function  for  dif  ferent  t  values. 


P(w)*  =  coswidi  (EqA13b) 


where  P(w )  is  the  Fourier  transform  of  R(t)  and  the 
power  spectral  density  of  y(x). 

To  illustrate  the  physical  meaning  of  the  power 
spectral  density,  consider  the  limiting  case  where 
r=0: 


y2(x)dx 
from  Eq  A9 


1  r 1 

R(o)  =  mean  square  ot  y(x)  =  /  y2(x)dx 

J  X  front  Eq  A9 
2 

i  r 00 

=  ^  /  P<w  )dw  from  Eq  A 13 


This  may  he  interpreted  such  that  P(w)dw  represents 
the  contribution  to  the  mean  square  of  y(x)  from 
frequencies  between  w  and  w+dw.  From  this  inter¬ 
pretation  one  may  find  that  the  units  of  the  power 
spectral  density  arc  the  mean  square  of  function  con 
sidcred/uni!  frequency. 

Since  the  type  frequency  often  used  is  cycles 
selected  unit,  f.  rather  than  radians  selected  unit,  w, 
Equations  A 1 3  and  A14  for  calculation  of  the  power 
spectral  density  can  be  rewritten  in  terms  of  f  as 
follows: 


R(t)=  / P(f)ci2rrf'Tdf  j Eq  A  I4a| 

oo 

/oo 

R(t)c  l2rT<T  |Eq  A 1 4 b | 


•Note  that  R(r)  is  an  even  junction,  i.c.,  R(t)  =  R(-t). 


Equations  A  14a  and  A  14b  can  be  written  as  a 
summation  over  the  positive  frequency  and  lag 


values  respectively 


K(t> 


00 

l>(f)ei2n,Tdf 


o 


|Eq  A  i  Sa  | 


Figure  Ad  shows  a  summary  of  the  irxperiiiieiii.il 
procedure  lor  estimating  Ptf).  It  should  he  noted 
that  this  method  is  only  accurate  when  Al  ap¬ 
proaches  zero. 

Digital  Computation 


and 


Pill 


OO 

R(t)c  i2rrlTd 


T 


0 


|Kq  A15bj 


I  he  power  spectral  density  Pill  of  a  sample  lune- 
tion  vtx)  can  be  determined  experimentally  or  com¬ 
puted  digitally.  Both  methods  are  briefly  presented 
in  the  next  two  sections. 


The  power  spectral  density  P(0  of  a  sample  func¬ 
tion  y ( x )  can  be  computed  digitally  by  First  comput¬ 
ing  the  autocorrelation  function  R(t)  of  vtx)  using 
the  following  equations: 


R*(t)  = 


y(x)  y(x  +  T)dx  from  Eq  AS 


Experimental  Determination 


The  power  spectral  density  of  a  sample  function 
y t x )  can  he  determined  experimentally  by  using  the 
special  case  when  the  lag  value  x=0  in  Equation 
A 1 5a. 


Rto)  =  mean  square  value  ofy 


OO 

P(f)df|Eq  AI6| 


o 


From  Equation  Alb  it  is  clear  that  the  power  spec¬ 
tral  density  describes  the  frequency  composition  of 
the  sample  function  in  terms  of  its  mean  square 
value. 


II  i hi-  sample  ,  ccord  is  passed  through  a  bandpass  filler 
.uni  then  l he  average  ol  the  squared  value  i'l  the  filler  uul 
put  is  oinipiiled .  an  estimate  is  obtained  "I  i lie  mean 
sspiaie  value  id  l lie  sample  record's  cniiicnl  in  the  Ire 
queiKv  barul  lor  which  ihc  filter  is  sel  1,1 


I  he  output  of  the  filter  is  then  the  mean  square  of 
all  sinusoidal  constituents  of  the  original  sample 
function.  y(x).  having  frequencies  between  f  and 
(14  AO.  The  power  spectral  density  can  be  estimated 
as  ’  >  (means  square  value/unit  frequency): 


-*/* 


y(x)  y(x  +  T)dx  | f  .q  A 1  H| 


/OO 

R(-T)e  ,2^Tdx  from  Eq  A  15b 


r 


-2  I  R(i)  cos  2rrTrdT  |Hq  AI9] 
o 


The  algorithms  and  computer  program  for  calcu¬ 
lating  R(t)  and  P(D  from  the  above  equations  are 
given  in  Hutchinson. 159 


Average  Amplitude  Corresponding 
to  Each  Power  Value 


As  shown  in  Equation  All),  the  mean  square  value 
of  a  sample  function  y(x)  can  be  expressed  in  lerms 
of  the  power  spectral  density  as  follows: 


mean  square  value  ofy  s  R(o)  =  2 


o 


PtOdf 


Ptf)  =  '/i  {Rt  l .  Ai(o)/AI]  [Eq  A 1 7| 


“*A.1 1.  Hr nk nut n  et  ;il  .  Anoints  «/  I’uvcineiir  /Vn/i/e  (t’eiinsvl- 
v.iiiiu  I  i.insporlniioii  amt  I  ratlic  Safety  Center,  1%‘b. 


*vl\l  in  .ism lined  in  he  stationary  and  K(t)  is  an  even  lunetiim. 
3  39 U . ( * .  Hiileliinsun.  Analysis  uj  Huoil  Rnu^bness  Records  bv 
I'tiwrr  .V/vcfra/  Density  leiliniqu-s.  1 1 il  l !  Report  No.  101 
(l)epaiuiienl  ol  Highways.  Ontario,  Canada.  1405). 
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Figure  A.T  Experimental  determination  of  power  spectral  density  of  a  sample  function  y(x). 


POWER  SPECTRAL 


This  relationship  is  expressed  graphically  in 
Figure  A4,  which  indicates  that  the  mean  square 
value  of  the  sinusoidal  constituents  of  y  having  fr< 
quencies  between  (f  Af/2)  and  (f  +  Af/2)  is  equal  to 
twice  the  hatched  area,  i.e.: 

mean  square  value  of  y 

between  (f  y  ).(»'+  ^  >=  2  P<0  •  Af  |Eq  A 20] 

By  assuming  a  sine  function  whose  amplitude  is  A, 
one  can  show  that  the  mean  square  of  the  function  is 
equal  to  A2/2  (Figure  A5). 

Substituting  this  relationship  into  Equation  A20: 

y  =  2P(f)  Af 
or 

A  =  2  V  P(ft  Af  [Eq  A21 1 


It  should  be  emphasized  that  A  is  the  average 
amplitude  of  the  sinusoidal  constituents  of  y(x)  in 
the  frequency  range  (f  Af/2)  and  (f  +  Af/2).  There¬ 
fore,  it  will  be  more  appropriate  to  write  Equation 
A2I  as  follows: 

A  =  2  y/  P  (0  Af  |Eq  A22] 
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Figure  AS.  Mean  square  of  a  sine  function  y(x)  in 

terms  of  its  amplitude. 
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